University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Faculty Publications -- Chemistry Department

Published Research - Department of Chemistry

10-12-1999

METHOD OF STORING ACTIVE ZERO VALENT ZINC METAL
Reuben D. Rieke

Follow this and additional works at: https://digitalcommons.unl.edu/chemfacpub
Part of the Analytical Chemistry Commons, Medicinal-Pharmaceutical Chemistry Commons, and the
Other Chemistry Commons
This Article is brought to you for free and open access by the Published Research - Department of Chemistry at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Faculty Publications -Chemistry Department by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.

US005964.919A

United States Patent (19)

11 Patent Number:
(45) Date of Patent:

Rieke
54 METHOD OF STORING ACTIVE ZERO
VALENT ZINC METAL

75 Inventor: Reuben D. Rieke, Lincoln, Nebr.
73 Assignee: Board of Regents of the University of
Nebraska, Lincoln, Nebr.

*

Notice:

This patent issued on a continued pros
ecution application filed under 37 CFR

1.53(d), and is subject to the twenty year

patent term provisions of 35 U.S.C.

154(a)(2).
This patent is Subject to a terminal dis
claimer.

21 Appl. No.: 08/432,828
22 Filed:
May 2, 1995

*Oct. 12, 1999

T-A. Chen et al., “The First Regioregular Head-to-Tail

Poly(3-hexylthiophene-2,5-diyl) and a Regiorandom Iso
polymer: Ni vs. Pd Catalysis of 205)-Bromo-5(2)-(bromo
Zincio)-3-hexylthiophene Polymerization.” J. Am. Chem.
Soc., 114(25), 10087–10088 (1992).

J. L. Dye, “Mcrocyclic chemistry in reducing environ
ments: From concentrated metal Solutions to crystalline

electrides”, Pure & Appl. Chem, 61, 1555–1562 (1989).
E. Erdik, Tetrahedron, 43, 2203, (1987).
J. K. Gawronski, Tetrahedon Letters, 25, 2605 (1984).
J. Grondin et al., J. Organomet. Chem., 362,237 (1989).
J. J. Habeeb et al., J. Organomet. Chem., 185, 117 (1980).
B. H. Han et al., J. Org. Chem., 47, 5030 (1982).

B. H. Han et al., J. of the Korean Chemical Society, 29,557

(1985).
S. M. Hannicket al., J. Org. Chem, 48, 3833 (1983).
S.W. Hansen et al., J. Fluorine Chem., 35, 415 (1987).
P. L. Heinze et al., J. Fluorine Chem., 31, 115 (1986).
M. Isobe et al., Chem. Lett., 679 (1977).
Journal of the American Chemical Society, vol. 114, No. 25,
Dec. 2, 1992, pp. 10087-10088, Chen. T-A. et al.

Related U.S. Application Data
1992, abandoned, which is a continuation-in-part of appli

R. A. Kjonaas et al., J. Org. Chem, 51,3993 (1986).
K. J. Klabunde et al., J. Org. Chem., 44, 3901 (1979).
P. Knochel et al., J. Org. Chem, 53,2390 (1988).

Int. Cl. ............................ C22B 19/20; B01J 13/00;

(1979).

63 Continuation-in-part of application No. 07/917.587, Jul. 21,
cation No. 07/830,629, Feb. 4, 1992, Pat. No. 5,358,546.

51

5,964,919

B22F 1/00

52 U.S. Cl. ............................................... 75/362; 252/309
58 Field of Search ................................ 75/362; 252/309
56)

References Cited
U.S. PATENT DOCUMENTS

3,100,782 8/1963 Joly et al..
3,180,835
3,660,443
3,755,395
4,087,468
4,107,180
5,238,938
5,358,546
5,486,225

4/1965
5/1972
8/1973
5/1978
8/1978
8/1993
10/1994

Peri ......................................... 252/309
Boissieras et al..
Bakassian et al..
Solomon.
Dye ......................................... 260/338
Tone et al. .............................. 514/253
Rieke ........................................ 75/371
1/1996 Dye et al. ................................. 75/362

FOREIGN PATENT DOCUMENTS

252766 1/1988 European Pat. Off..
61-019707 A2 1/1986 Japan.
964.014 7/1964 United Kingdom ................... 252/309
WO 93/15086

8/1993 WIPO.

P. Kovacic et al., J. Polym. Sci., Polym. Chem. Ed., 17, 1963
B. E. Lenk, M. S. Thesis, Univeristy of Nebraska, Lincoln,
Nebraska 1988.

B. H. Lipshutz et al., Tetrahedon, 42, 2873 (1986).
R. M. Magid, Tetrahedron, 36, 1901 (1980).
R. D. McCullough et al., J. Chem. Soc., Chem. Commun., 70

(1992).
T. O. Murdock et al., J. Org. Chem., 41, 1076 (1976).
E. Nakamura et al., J. Am. Chem. Soc., 109,8056 (1987).
E. Negishi et al., J. Org. Chem, 42, 1821 (1977).

E. Negishi et al., Organometallics in Organic Synthesis,

New York; Wiley (1980).
E. Negishi et al., Tetrahedron Lett., 24, 5181 (1983).
M. S. Newman et al., J. Amer: Chem. Soc., 77,946 (1955).
H. Ochiai et al., J. Org. Chem, 52 4418 (1987).
C. Petrier et al., Tetrahedron Letters, 27, 3149 (1986).
G. Picotin et al., J. Org. Chem., 52, 4796 (1987).
M. W. Rathke, Org. React., 22, 423 (1975).
R. D. Rieke, Crit. Rev. Surf. Chem., 1, 131-166 (1991).
R. D. Rieke et al., J. Chem. Soc., Chem. Commun., 269

(1973).
(List continued on next page.)

OTHER PUBLICATIONS

R. F. Abdulla, Aldrichimica Acta, 21, 31 (1988).
N. E. Alami et al., J. Organomet. Chem., 348, 1 (1988).

Primary Examiner Melvyn Andrews
Attorney, Agent, or Firm Merchant & Gould P.C.

R. T. Arnold et al., Activated Metals. A Procedure for the

57

Communications, 7, 223–232 (1977).

A novel Zerovalent Zinc species and an organozinc reagent
are disclosed. The Zerovalent Zinc species is directly pro
duced by reaction of a reducing agent on a Zinc Salt,

Preparation of ACtivated Magnesium and Zincs, Synthetic
M. Bellassoued et al., J. Organomet. Chem., 280, 165

(1985).
E. Bouhel et al., “A Convenient Procedure for the Prepara
tion of Reactive Zinc for the Reformatsky Reaction”, Syn

ABSTRACT

preferably Zn(CN). The organozinc regent results from the

Chemical Abstracts, vol. 115, 1991, Columbus, Ohio, US;

reaction of the Zerovalent Zinc species and an organic
compound having one or more stable anionic leaving
groups. These organozinc reagents include a wide spectrum
of functional groups in the organic radical, and are useful in
a variety of reactions Schemes.

abstract no. 7731r, Bouhel, E. et al., p. 762 and Synth.
Commun., vol. 21, No. 1, 1991, pp. 133-136.

12 Claims, No Drawings

thetic Communications, 21, 133-136 (1991).
E. R. Burkhardt et al., J. Org. Chem, 50, 416 (1985).
D. J. Burton et al., J. Org. Chem, 54,613 (1989).

5,964,919
Page 2

R. D. Rieke et al., Use of Activated Metals in Organic and
Organomettalic Synthesis, Springer-Verlag, New York

V. Y. Tamaru et al., Agnew. Chem., 99, 1193 (1987).
W. ten Hoeve et al., J. Am. Chem. Soc., 113, 5887 (1991).
J. M. Tour et al., J. Am. Chem. Soc., 113, 2309 (1991).
M. Ueda et al., Macromolecules, 24, 2694 (1991).

(1975), pp. 1-31.
R. D. Rieke, Science 246, 1260–1264 (1989).
R. D. Rieke et al., Synthesis, 452 (1975).
R. D. Rieke, Accounts of Chem Res., 10, 301 (1977).
R. D. Rieke, J. Org. Chem., 46, 4323 (1981).

NC (1974).
R. A. Watson et al., Tetrahedron Letters, 27, 1437 (1986).

OTHER PUBLICATIONS

R. D. Rieke et al., J. Org. Chem., 38, 1430 (1973).

R. D. Rieke et al., High Energy Processes in Organomettalic
Chemistry, ACS Symposium Series No.333, ACS 1987, Ch.
14, 223.

R. D. Rieke, Science, 246, 1260 (1989).
R. D. Rieke et al., Synth. Commun., 19, 1833 (1989).
R. D. Rieke et al., Synth. Commun., 20, 2711 (1990).
F. G. Saitkulova et al., Zh. Org. Khim., 12, 969 (1976)
(Abstract only).

S. J. Uhm, “Preparation of activated zinc metal and its
reactions with organic halides in presence of various Lewis
bases”, Thesis, University of North Carolina, Chapel Hill,
R. M. Wehmeyer, “The Preparation and Chemistry of Active
Copper, Nickel, and Zinc, Ph.D. Thesis, The University of

Nebraska-Lincoln, Dec. 1988.

Y. Wei et al., Chem. Mater, 3,888 (1991).
H. Xiong et al., Tetrahedron Letters, 39, 5269 (1991).
T. Yamamoto et al., Makromol. Chem., Rapid Commun., 6,

Khim. Tekhnol., 20, 669 (1977) (Abstract only).
K. Sekiya et al., Tetrahedron Letters, 29, 5155 (1988).
R. L. Shriner, Org. React., 1, 1 (1942).

671 (1985).
T. Yamamoto et al., Makromol. Chem., 190, 1649 (1989).
T. Yamamoto et al., Polym. J., 22, 187 (1990).
M. C. P. Yeh et al., Tetrahedron Letters, 29, 2395 (1988).
M. C. P. Yeh et al., Tetrahedron Letters, 29, 6693 (1988).
L. Zhu et al., J. Org. Chem., 56, 1445 (1991).

(1973); Collect. vol. V, p. 855.
R. M. Souto et al., Macromolecules, 23, 1268 (1990).
D. E. Stack et al., J. Am. Chem. Soc., 113, 4672 (1991).

L. Zhu et al., Tetrahedron Letters, 32, 2864 (1991).

F. G. Saitkulova et al., Izv Vyssh. Uchebin. Zaved, Khim.
R. D. Smith et al., Organic Syntheses, Wiley; New York,

L. Zhu et al., “The Preparation of Novel Organozinc
Reagents. Using Highly Reactive Zinc, Ph.D. Thesis, The
University of Nebraska-Lincoln, Dec. 1991.

5,964,919
1
METHOD OF STORING ACTIVE ZERO
VALENT ZINC METAL
CROSS REFERENCE TO RELATED
APPLICATION

This application is a Continuation-In-Pat of U.S. appli
cation Ser. No. 07/917,587, filed July 21, 1992 now aban
doned which is a Continuation-In-Part of U.S. application
Ser. No. 07/830,629, filed Feb. 4, 1992, now U.S. Pat. No.
5,358,546.
GOVERNMENT SUPPORT

The present invention was made with government Support
under Grant No. GM35153 awarded by the National Insti
tute of Health. The Government has certain rights in this
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using Grignard reagents (organomagnesium reagents) or

invention.

organolithium reagents. One of the major problems with
these methods, however, is that the presence of many

BACKGROUND OF THE INVENTION

Organozinc reagents are highly desirable reagents for
organic Synthesis. They possess many attributes that are
distinct from other organometallic reagents. For example,
they often react Stereoselectively and regioSelectively and do
not possess the extreme nucleophilicity of Such reagents as
Grignard reagents. Consequently, organozinc reagents can
generate distinctly different chemistry from that of other
organometallic reagents, Such as the Synthesis of organic
compounds that are highly functionalized.
Although there are Several procedures known for the
reduction of metal Salts to metal powders reactive towards
oxidative addition, each metal typically requires unique
permutations of the procedures to obtain a reactive Species.
There is no Standardized approach that can produce metal
powders of identical, or even Similar reactivity. For example,
magnesium metal in the form of a black powder can be
obtained by reducing magnesium Salts in an ethereal Solvent
with molten Sodium or potassium. However, the use of an
alkaline metal in conjunction with an electron carrier Such as
naphthalene can produce magnesium powder of different
reactivity.
Organozinc compounds are typically prepared by the
oxidative addition of zinc metal to alkyl iodides. The reac
tion is limited, however, due to the low reactivity of the
metal. Several methods have been used to activate Zinc
towards oxidative addition reactions. These include methods

desirable functional groups (i.e., esters, ketones, nitriles,
epoxides, C.B-unsaturated ketones, etc.) in the organic por

25
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ultrasound irradiation, and metal-Solvent cocondensation,
50

55

60

aqueous media has been reported. Furthermore, copper (I)

Salts have been used to mediate the 1,4-addition of orga
nozinc species to C.f3-unsaturated ketones. Lithium and
magnesium triorganozincates also undergo 1,4-additions
with C.B-unsaturated ketones. However, only one of the
three organic moieties is transferred in the process. This
problem has been Solved to Some degree by utilizing only

ods. Another object of the invention is to produce a Zinc
Species that is highly reactive towards oxidative addition.
Yet another object of the invention is the direct production
of a wide variety of organozinc compounds, e.g., aryl,
heterocyclic, arylalkyl, and polymeric Zinc reagents that can
undergo a number of valuable Synthetic reactions. Still
another object of the invention is to produce a wide variety
of organozinc reagents that contain a broad Spectrum of
functional groupS. Such as esters, ketones, nitrites, halides,
amides, carbamates, epoxides, aldehydes, C.B-unsaturated

enones (e.g., esters and. ketones), Sulfoxides, Sulfones, etc.

Furthermore, an object of the invention is the synthesis of
new organic compounds or the Synthesis of known organic
compounds using more effective and/or more direct Syn

thetic methods.

(RZnX) or RZn. The conjugate addition of alkyl halides to
C.f3-unsaturated ketones mediated by a Zn/Cu couple in

tion of the compounds is precluded.
Therefore, a highly reactive zinc that would directly
oxidatively add to a wide variety of carbon-halogen bonds in
the presence of many or all of the above mentioned func
tional groups is needed. The present invention fulfills a need
for Such a highly reactive Zinc reagent and resultant orga
nozinc reagents having a variety of functional groups. These
organozinc reagents can be utilized in further Synthesis of
various chemical compounds that can be useful in drugs,
agrochemicals, monomers for polymers, highly conducting
polymers, etc.
An object of the invention is to produce a Zinc species that
is more reactive than those obtained from traditional meth

35

Such as Washing with HCl Solution, using a Zn-Cu couple,
for example. In spite of these methods, the direct oxidative
addition of Zinc metal to organic halides has been limited to
relatively reactive halides Such as alkyl iodides or
C-haloesters. Recently, Zinc homoenolates of alkyl propi
onates were prepared by ring-opening reactions of 1-Siloxy
1-alkoxycyclopropanes. However, most alkyl bromides,
alkyl chlorides, vinyl halides, and aryl halides do not
directly react with Zinc metal.
Because of the low reactivity of metallic zinc, very little
has been done to Study the reactivity of organozinc halides

2
one equivalent of the alkyllithium and two equivalents of
methyl-lithium in forming these reagents. The methyl group
appears to be a good, nontransferable “dummy' ligand for
the lithium trialkylzincates. However, Since trialkylzincate
reagents are derived from the Grignard or lithium
precursors, they offer no distinct advantage over the known
Zinc cuprate reagents, which do not have wide applicability.
The Synthesis of many drugs, agrochemicals, monomers
for use in polymers, highly conducting polymers, dyes,
Synthetics fibers, fluorocarbons, and a long list of other
Specialty chemicals require the use of organometallic inter
mediates at Some Stage of the Synthesis. An important
organometallic intermediate in various of these Syntheses is
an organozinc compound. Many of these organozinc com
pounds can only be prepared via a transmetallation reaction

65

SUMMARY OF THE INVENTION

These and other objects are achieved by the present
invention which is directed to the use of a highly reactive
Zinc species to form new organozinc reagents and Synthetic
reactions performed with these organozinc reagents. AS used
herein, the phrase “highly reactive” refers to the reactivity of
the Zinc species in organic reactions, particularly oxidative
addition reactions. A Zinc species is highly reactive if it
reacts with a wide variety of primary, Secondary, and tertiary
alkyl, Vinyl, and aryl halides in relatively high yields, for
example, in greater than about 30% yields, preferably in
greater than about 50% yields, and more preferably in
greater than about 70% yields.
The highly reactive Zinc species of the present invention
is composed of formally Zerovalent Zinc metal atoms in a
finely divided powdered form. Preferably, the Zerovalent
highly reactive Zinc species is a mixture or combination of

5,964,919
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contacting an organic compound having one or more stable
anionic leaving groups with a first combination of Zerovalent

3
Zerovalent Zinc metal atoms and an alkali metal salt (or
salts). In this context, by “mixture or combination” it is

meant that the reduction generates a physical mixture of
Small crystallites of Zinc metal and alkali metal Salt. In
preferred embodiments the zinc metal comprises 90-95%
wt-% of the mixture, and more preferably 95-98 wt-%.

Zinc metal atoms and an alkali metal Salt (or salts) to produce
a Second combination of an organic mono- or poly-Zinc

compound and the alkali metal salt (or salts). The alkali
metal Salt can be a Salt of a Sulfate, nitrate, nitrite, cyanide,
acetate, or halide, as defined above. The organic radical of
the organic compound having one or more stable anionic
leaving groups is an aliphatic, aryl, heterocyclic, arylalkyl,
or polymeric group.
The organozinc reagents of the present invention display
Surprising and unexpected reactivity and usefulneSS. For

The anion of the alkali metal salt is selected from the

group consisting of Sulfate, nitrate, nitrite, cyanide, acetate,
and halide. For certain embodiments, the anion is preferably
Selected from the group consisting of Sulfate, nitrate, nitrite,
cyanide, acetate, and more preferably cyanide. For other
embodiments, the anion is preferably Selected from the
group consisting of cyanide and halide. That is, for these
embodiments the Zerovalent Zinc metal atoms are preferably
in mixture or combination with an alkali metal Salt of

cyanide, an alkali metal Salt of halide, or both an alkali metal
salt of cyanide and an alkali metal salt of halide. Most
preferably, for these embodiments of the present invention,

example, when mediated by Cu(I) Salts, they can cross

15

Pd(O) catalysts, they can cross-couple with aryl or vinyl
halides. They can also undergo a variety of intramolecular
and polymerization reactions. The yields of these reactions
are typically very high and reproducible. Accordingly, this
approach considerably increases the Synthetic potential of
organozinc intermediates.

the Zerovalent Zinc metal atoms are in mixture or combina

tion with an alkali metal Salt of cyanide, or both an alkali
metal Salt of cyanide and an alkali metal Salt of halide.
The Zerovalent highly reactive Zinc species of the present

invention is prepared from the reduction of a Zinc(II) salt,

the counterion of which can be any of a variety of anions that
does not contain an acidic proton. For example, the anion
can be a Sulfate, nitrate, nitrite, acetate, cyanide, or halide.
For certain embodiments, the anion is preferably Sulfate,
nitrate, nitrite, acetate, or cyanide, and more preferably
cyanide. For other embodiments, the anion is preferably a
halide or cyanide, more preferably the anion is iodine,
chlorine, bromine, and cyanide, and most preferably cya

DETAILED DESCRIPTION OF THE
INVENTION

25

nide.

In the present invention, highly reactive Zinc, readily
undergoes oxidative addition to organic compounds, pref
erably highly functionalized organic compounds, under mild
conditions to generate corresponding organozinc reagents in
excellent yields. An organozinc reagent of the present inven
tion includes a mixture or combination of an organic mono
or poly-Zinc compound and an alkali metal Salt (or Salts) as
defined above, wherein the organic radical of the Zinc
compound is an aliphatic, aryl, heterocyclic, arylalkyl, or
polymeric group. In this context, “mixture or combination”
means a Solution containing the organozinc reagent and the
dissolved alkali metal salt. Preferably, the organic radical of
the organic mono- or poly-Zinc compound is an aliphatic,
aryl, heterocyclic, or arylalkyl group.
In the context of the present invention, the term “ali
phatic' means a Saturated or unsaturated linear, branched, or
cyclic hydrocarbon radical. This term is used to encompass
alkyl and vinyl radicals, for example. The term “alkyl”
means a Saturated linear, branched, or cyclic hydrocarbon
radical. The term "heterocyclic' means a mono- or poly
nuclear Saturated or unsaturated cyclic radical containing
carbons and one or more heteroatoms Such as nitrogen,
oxygen, phosphorus, Silicon, or Sulfur or a combination
thereof in the ring or rings. This includes, but is not limited
to, pyridine, pyrrol, indole, thiazole, pyrazine, guanine,
cytosine, thyamine, adenine, uredine, uracil, oxazole,
pyrazole, hydantoin, piperazine, quinoline, Xanthene, 1,10
phenanthroline, thiophene, and acridine. The term “aryl'
means a mono- or polynuclear aromatic hydrocarbon radi
cal. The term “arylalkyl” means a linear, branched, or cyclic
alkyl hydrocarbon radical having a mono- or polynuclear
aromatic hydrocarbon or heterocyclic Substituent. The term
"polymeric' or “polymer is used herein in its most general
Sense to mean a compound of repeating Structural units.
The present invention is also directed to the preparation of
an organozinc reagent. This method of preparation involves

couple with acid chlorides, conjugatively add to C.f3
unsaturated ketones, and regioSelectively undergo S2'Sub
stitution reactions with allylic halides. When mediated by

35
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Organozinc reagents are finding ever increasing use in
organic Synthesis. This Stems not only from their unique
chemical reactivity but also from their stability and ease of
manipulation. Except for a relatively Small range of highly
reactive organic halides, the direct formation of organozinc
reagents from Zinc metal and organic halides, acetates, etc.,
was not previously possible. However, the present highly
reactive Zinc will undergo oxidative addition to a wide
variety of organic compounds, e.g., alkyl, vinyl, and aryl
iodides, bromides, and chlorides, to generate the corre
sponding organozinc reagent. Significantly, most of these
reactions can be carried out at room temperature or slightly
above. The resulting organozinc reagents are very Stable. Of
Special note is the toleration of the reaction toward the
presence of functional groups, and often particularly unex
pected functional groups. As a result, highly functionalized
organozinc reagents can be prepared by the present inven
tion. This allows the Synthetic procedure for many mol
ecules to be shortened considerably and made viable com
mercial candidates. The highly reactive Zinc can also be used
to carry out other name reactions on Substrates that now are
not possible using the Standard forms of Zinc. Also, a number
of intramolecular reactions and unique polymerizations can
now be carried out.

The present invention is based upon the discovery that a
highly reactive Zerovalent Zinc metal Species displayS. Sur
prising and unexpected reactivity and usefulneSS in organic
Synthetic procedures. For example, the highly reactive
Zerovalent Zinc Species displayS reactivity toward a wide
variety of highly functionalized aliphatic, aryl, heterocyclic,
arylalkyl, and polymeric compounds to form organozinc
reagents.

60

The Zinc Species and Methods of Preparation
The highly reactive Zerovalent Zinc species of the present
invention is composed of formally Zerovalent Zinc metal
atoms in a finely divided powdered form. By “formally
Zerovalent” it is meant that the formal oxidation State, or

65

charge, is equal to the group number (i.e., 2) minus the
number of unshared electrons (i.e., 2) minus the number of
bonds (i.e., 0). Preferably, the Zerovalent highly reactive zinc
Species is a mixture or combination of Zerovalent Zinc metal

5,964,919
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atoms and an alkali metal Salt (or salts). Preferably, the alkali
Zn(II) salt. That is, the alkali metal salt is preferably a salt

coordination with the Zn(CN). Preferably, the coordinate

complexing agent, Such as an alkali metal halide Salt in

metal Salt is a Salt of the counterion associated with the

complexing agent is an alkali metal halide Salt, more pref
erably it is a lithium halide salt, and most preferably it is

of Sulfate, nitrate, nitrite, acetate, cyanide, or halide. More
preferably, for certain embodiments of the present invention,
the Zerovalent highly reactive Zinc Species includes an alkali
metal Salt of cyanide, halide, or both, and most preferably an
alkali metal Salt of cyanide, or an alkali metal Salt of cyanide

lithium bromide or chloride.

Generally, the reducing agent can be any reducing agent

that is capable of reducing Zn(II) salts. Typically, this means

that the reducing agent has a reduction potential of about
-1.0 volts or more negative relative to the Standard calomel

and an alkali metal salt of a halide. For other embodiments

of the present invention, the Zerovalent highly reactive Zinc
Species more preferably includes an alkali metal Salt of a
Sulfate, nitrate, nitrite, cyanide, or acetate, and most prefer
ably includes an alkali metal Salt of cyanide. It is to be
understood that there may be a combination of alkali metal
Salts with different anions in the Zerovalent Zinc species of
the present invention. The mixture or combination is highly
dispersible in ethereal, polyethereal, or hydrocarbon Sol

electrode (SCE). It is preferred, however, that the reducing

agent has a reduction potential of about -1.5 volts or more
negative, and most preferred that the reducing agent has a
reduction potential of about -2.0 volts or more negative,
relative to SCE. Examples of uSeable reducing agents
15

VentS.

Although not intending to be a limitation of the invention,
it is believed that the Zinc Species is a cluster of Zinc atoms
asSociated in Some manner with the alkali metal Salts

provided by the salt produced from the cation of the reduc
ing agent and the anion of the Zinc Salt Starting material
and/or the coordinate complexing agent for the Zinc Salt
Starting material, if present. The cluster-Salt association is
most likely a Surface phenomenon and is believed to facili
tate the oxidative transfer reaction between the Zinc Species
and the organic compounds in the formation of the orga
noZinc reagents.
The Zerovalent highly reactive Zinc species of the present

25

electron transfer compound, referred to herein as an "alkali
metal complex.' The electron transfer compound preferably
has a reduction potential of -0.5 volts, versus the Standard

calomel electrode (SCE), or more negative. More preferably,

the counterion of which can be any of a variety of anions that
does not contain an acidic proton. For example, the anion
can be a Sulfate, nitrate, nitrite, acetate, cyanide, halide, or
35

preferably a Sulfate, nitrate, nitrite, acetate, cyanide, or
combinations thereof, and more preferably cyanide. For
other embodiments, the anion is preferably a halide or
cyanide. More preferably, for these embodiments, the anion

of the Zn(II) salt is CN, Br, Cl, or I, at least because they

yield a Zinc powder of higher reactivity relative to the other

40

anions. Most preferably, the anion of the Zn(II) salt is CN,

at least because it yields a Zinc powder of Significantly high
reactivity relative to the other anions. Thus, useful Species
that can be reduced to form the highly reactive Zerovalent
Zinc species of the present invention include, but are not

45

limited to, ZnCl, ZnBr, ZnI, Zn(CN), ZnSO, Zn(NO),
Zn(CH-CO), ZnF, and Zn(NO). The preferred zinc
Salts, for certain embodiments of the present invention, are

ZnCl2, ZnBr, ZnI, ZnF, and Zn(CN). The more preferred
Zinc Salts are ZnCl2, ZnBr, Zn, and Zn(CN), with
Zn(CN) being the most preferred.

50

Stitute for the Zinc halide chosen in many instances. This
type of TMEDA complex is also either available commer
cially or can be prepared for the other Zinc halides and Zinc
cyanide. Reduction of this complex gives highly reactive
Zinc with Similar reactivity to the highly reactive Zinc
prepared from anhydrous Zinc halides. This is a desirable
Starting material in Some Situations at least because it is not

55

60

air Sensitive.

In addition to Zn(CN), which is generally insoluble in

most ethereal, polyethereal, and hydrocarbon Solvents,

soluble forms of Zn(CN) can be used in the method of the

present invention. Such Soluble forms include a coordinate

the electron transfer compound is an aromatic electron
transfer compound. In Some cases, particularly those reduc
tions which do not involve an electron carrier, Sonication can
facilitate the reduction process.
Examples of useful "alkali metal complex reducing
agents include, but are not limited to, complexes of an alkali
metal and an aromatic electron transfer compound; alkali
metal-polyether Solvates, alkali metal-crown ether Solvates,
alkali metal-cryptate Solvates, etc. Preferably, the alkali
metal complex reducing agent is Selected from the group
consisting of Sodium naphthalenide, Sodium anthracenide,
Sodium biphenylide, potassium naphthalenide, potassium
anthracenide, potassium biphenylide, lithium naphthalenide,
lithium anthracenide, lithium biphenylide, cesium
naphthalenide, cesium anthracenide, cesium biphenylide,
and benzophenone. More preferably, the reducing agent is a
complex of an alkali metal cation and naphthalene. Most
preferably, the reducing agent is a complex of lithium and
naphthalene.

The process of reduction of the various Zn(II) salts to

The commercially available zinc halide N,N,N'N'-

tetramethylethylene diamine complexes (e.g., ZnCl2
TMEDA) can be used as a relatively nonhygroscopic Sub

lithium naphthalenide; metal hydrides, Such as Sodium
borohydride, Sodium hydride; metal intercalated graphites,
and alkali metals dissolved in glymes or ethers.
Preferably the reducing agent is an alkali metal reducing
agent, Such as an alkali metal, an alkali metal dissolved in
glymes or ethers, or an alkali metal Salt of an electron
transfer compound. More preferably, the reducing agent is
an alkali metal Salt of an electron transfer compound, i.e., a
combination of an alkali metal cation and an anion of an

invention is prepared from the reduction of a Zinc(II) salt,

combinations thereof. For certain embodiments, the anion is

include: alkali and alkaline earth metals, alkali and alkaline

earth metal Salts of aromatic anions (i.e., aromatic electron
transfer compounds), Such as Sodium naphthalenide or

produce the Zerovalent highly reactive Zinc species of the.
present invention is conducted under conditions designed to
prevent its reoxidation. Generally, these conditions include
use of a nonhydroxylic Solvent, and the exclusion of oxygen.
Also, the conditions are controlled So as to promote the
existence of the Zinc atoms in a finely divided powder
because large clusters of Zinc atoms generally means lower
reactivity.
Preferably, these conditions include temperatures of about
100 C. or less, an inert atmosphere, e.g., an argon or
nitrogen atmosphere, and a reaction time of about ten hours
or less. More preferably, the temperature is about 80 C. or
less and the reaction time is about five hours or less. Most

65

preferably, the reactions are conducted at temperatures of
about 20° C. to about 30° C., and the reaction time is about
two hours or leSS.
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AS Stated above, the Solvent is a nonhydroxylic Solvent.
Preferably, it is an ethereal, polyethereal, or hydrocarbon
Solvent. Examples of Such Solvents include ethyl ether,
methyl-t-butyl ether, tetrahydrofuran (THF), 1,2dimethoxyethane (DME or glyme), diglyme, triglyme,
benzene, Xylene, hexanes, and the like. More preferably, the
reaction is carried out in an ethereal or polyethereal Solvent,
and most preferably in tetrahydrofuran. If a hydrocarbon
Solvent (e.g., benzene, xylene, hexanes, etc.) is used, it
preferably contains a Secondary Solubilizing agent Such as
N.N,N',N'-tetramethylethylenediamine (TMEDA) to assist
in Solubilizing the Starting materials. If the reducing agent is
an alkali metal reducing agent, but not an alkali metal Salt of
an electron transfer compound, the Solvent is one whose
boiling point exceeds the melting point of the alkali metal.
There are Several methods of preparation of the Zerovalent
highly reactive Zinc species of the present invention. For
example, the Zn(II) Salt can be prepared by the combination
of an equivalent amount of an alkali metal, Such as K or Na,
in a Solvent whose boiling point exceeds the melting point
of the alkali metal, such as THF or glyme. By this, it is meant

8
is generally always in exceSS in the reaction flask, relative to
the amount of the alkali metal/electron transfer complex
present. Herein, “solubilized' salt means the portion of the

Zn(II) salt that has gone into solution. With generally
insoluble zinc salts, such as Zn(CN) in THF, the formation

of the alkali metal/electron transfer complex is faster than
the dissolution of the Zinc salt. Thus, the alkali metal
complex is generally always in exceSS in the reaction flask,

relative to the amount of the solubilized Zn(II) salt.

Although this has been observed for these particular species,
this is not meant to be a limitation of the invention. For the

Soluble Zinc Salts, this is not necessarily the most preferred
method of reduction because the Surface of the lithium metal
15

a preformed reducing agent. This method is referred to
herein as “Method B' and is represented by the reduction of

ZnCl2 and Zn(CN) in Example 1. By “preformed” it is

that about two moles, i.e., about 1.8-2.2 moles, of an alkali

meant that for each mole of the alkali metal, about 1-1.2
25

method is referred to herein as “Method A' and is repre

sented by the reduction of ZnCl and Zn(CN) in Example
1. Specifically, this method includes the reduction of a Zn(II)

Salt in the presence of an alkali metal, Such as lithium, and
an effective catalytic amount of an electron transfer
compound, Such as the aromatic electron transfer compound
naphthalene. With respect to this method, by an “effective
catalytic amount” it is meant that a Sufficient amount of the
electron transfer compound is present to effect the reduction
in less than about 24 hours, preferably in less than about 10
hours. The electron transfer compound is typically present in
no greater than about 10 mole-%, preferably no greater than
about 6 mole-%, and most preferably about 2 mole-% to
about 5 mole-%, of the alkali metal present. The alkali metal
is present in an equivalent amount, i.e., in a range of about
1.8-2.2 moles alkali metal per mole of Zinc Salt being
reduced. It is desirable, however, to use a slight exceSS of the

35
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For the more soluble zinc halides, the transfer of the

slowly (over a period of about 15 to 120 minutes) than the

45

The reduction of the Zn(II) salt in the second step of this

50

two step method using a preformed reducing agent is
typically carried out in less than about eight hours, prefer
ably in less than about two hours, and more preferably in leSS
than about one hour. Preferably, the total reaction time for
both StepS is less than about eight hours. This two-step
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method is advantageous for Soluble Zn(II) salts, when

complex, disappears. This occurs, for example, with the
other embodiments, the reaction is observed to be “com

metal and electron carrier, relative to the Zinc Salt. For Still

Zinc salts, such as ZnCl2 in THF, the solubilized Zn(II) salt,

transfer of the preformed reducing agent to the Zinc Salt. In
this way, the reactivity of the resultant Zerovalent Zinc
powder is not decreased, which is believed to result from
unreduced Zinc ions being adsorbed on the Zinc metal
Surface.

relatively insoluble Zn(CN) when Method A is used. For

other embodiments, completion of the reduction reaction is
evidenced by the disappearance of lithium and/or lack of
formation of the bright green lithium naphthalenide anion.
With the Zinc halides, vigorous Stirring is generally neces
Sary to prevent the resultant reduced Zinc from coating the
unused alkali metal and Stopping the reaction. With the Zinc
cyanides, this coating problem is not generally observed,
although Stirring is desirable.
In this one-step preparation method with generally Soluble

preferably done at a rate to ensure that the preformed
reducing agent is in exceSS relative to the Solubilized zinc.

preformed reducing agent to the Zinc Salt is done more

the mixture. For certain embodiments, the reaction is

plete' when the green color appears, and remains. For
example, this would occur if a Soluble Zinc Salt, Such as
ZnCl2, were used in Method A with an excess of the alkali

preformed reducing agent, e.g., lithium naphthalenide in
THF. Alternatively, the preformed reducing agent can be
added to the zinc salt. Preferably, the procedure is carried out
in this latter way if the zinc salt is relatively insoluble in the
Solvent chosen. Whichever the direction of transfer, it is

observed to be “complete' when the green color, which is
evidence of an alkali metal/aromatic electron transfer

moles of an electron transfer compound are allowed to react
Substantially completely, i.e., until Substantially all the alkali
metal is consumed, before contacting any Zinc Salts. The
formation of the preformed reducing agent preferably takes
place in an ethereal, polyetheral, or hydrocarbon Solvent,
and generally is Substantially complete in less than about
eight hours, preferably in less than about two hours.
An approximate equivalent amount of the Zinc Salt in a

solvent, e.g., ZnCl2 in THF, is then slowly (over a period of
about 5 to 15 minutes) transferred into the solution of the

Zinc Salt relative to the alkali metal, to decrease the chance

that the reducing agent could interfere with the Subsequent
use of the highly reactive Zinc Species.
The reduction is typically complete in about ten hours,
and preferably in about five hours, with Vigorous Stirring of

preferred method of reduction because it yields a very
reactive Zinc using a one Step procedure.
A third method for the preparation of a reactive Zinc

Species involves a two-step reduction of a Zn(II) salt using

metal are used per mole of Zinc Salt.
Another method for the preparation of a reactive Zinc

Species involves a one-step reduction of a Zn(II) salt. This

can be coated with Zinc, which Slows down the reduction.
For the insoluble zinc salts, however, this is the most

60

compared to Method A, at least because it involves a shorter
reaction time and it decreases, if not eliminates, the problem
of the resultant reduced Zinc coating the alkali metal.
Generally this method forms highly reactive zinc of
approximately the same reactivity as does Method A,

whether the Zn(II) salt is soluble or not. That is, although the
65

Zinc powder formed from Zinc cyanides is more highly
reactive than the Zinc powder formed from Zinc halides, the
Zinc powder formed from Zinc halides is of approximately
the same reactivity whether formed by Method A or Method
B. Similarly, the zinc powder formed from Zinc cyanides is
of approximately the Same reactivity whether formed by
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Method A or Method B. This is evidenced by the fact that
prepared by Method A or Method B, reacts at Substantially
the Same rate with a wide range of organic halides, and
produces similar yields.
A fourth method for the preparation of a reactive Zinc

in less than about two hours, more preferably in less than
about one hour, and most preferably in less than about 30

Zinc powder formed from the same Zn(II) salt, whether

minutes, from the time the soluble Zn(II) salt is initially

added to the alkali metal complex reducing agent. Also, as
compared to Method B in which a preformed reducing agent
is used, this method reduces the amount of electron transfer

Species involves a two-step reduction of a Zn(II) salt in the

agent required. Thus, this method is especially useful for
large Scale reactions. In Some situations, however, Such as

presence of an excess of an alkali metal. This method is
referred to herein as “Method C” and is represented by the
reduction of ZnCl2 in Example 1. The reducing agent is
formed from an alkali metal and an effective catalytic
amount of an electron transfer compound. By an “effective
catalytic amount', in the context of this preparation method,

when a relatively insoluble Zn(II) salt like Zn(CN), is used,

it is meant that a Sufficient amount of the electron transfer

compound is present to effect the reduction in less than about
three hours, preferably in less than about two hours.
Preferably, this involves the use of no greater than about 10
mole-% of the electron transfer reagent, more preferably no
greater than about 6 mole-%, and most preferably about 2 to
about 5 mole-%, of the alkali metal present. The alkali metal
is present in an equivalent amount, i.e., in a range of about
1.8-2.2 moles per mole of Zinc Salt being reduced. Thus, a
Solution of the resultant alkali metal complex reducing
agent, i.e., the complex of the alkali metal and electron
transfer compound, contains unreacted alkali metal.
A Zinc Salt, preferably a Zinc Salt Solution, e.g., ZnCl2 in

15

25

THF, or a zinc salt suspension, e.g., Zn(CN) in THF, is then

slowly transferred into the solution of the alkali metal
reducing agent, e.g., lithium naphthalenide in THF, contain
ing unreacted alkali metal, e.g., lithium. By “slowly it is

meant that the Zn(II) salt is added to the solution of the

reducing agent containing unreacted alkali metal at a rate
that ensures the presence of excess alkali metal complex

reducing agent relative to Solubilized Zn(II) salt. This is
evidenced by adding the Zn(II) salt at a rate such that the

color of the reducing agent Solution remains dark green, if
a complex of an alkali metal and aromatic electron transfer
compound is used. Although not intending to be a limitation
to the invention in any way, it is believed that as the reducing
agent is consumed, the recovered naphthalene reacts with
the unreacted lithium to form lithium naphthalenide until all
the lithium is consumed. This is unexpected because the
Small amount of electron carrier is expected to lead to long
reduction times of Several hours and even days, rather than
minutes. In contrast, the relatively short reduction times with
Small amount of electron carrier makes this an especially
appealing method.

35
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A fifth method involves the Sonication of an alkali metal

with a Zinc Salt in any of the above-mentioned Solvents.
Preferably the alkali metal is in the form of a fine sand or
dispersion. This method is referred to herein as “Method D'

50

and is represented by the reduction of Zn(CN) in Example

1. This method has the advantage of not using an electron
carrier which would need to be removed from the product.
Method C is the most preferred of the methods specifi

55

cally described, especially for the relatively soluble Zn(II)

Salts, Such as Zinc halides in ethereal Solvents, at least

because a more reactive and uniform Zerovalent Zinc Species
is produced. This is evidenced by the fact that the Zerovalent
highly reactive Zinc Species produced using this method
typically provides more reproducible yields of highly func
tionalized organic compounds in Subsequent reactions than

60

does the Zinc species produced from the same Zn(II) salt
using either Method A or Method B. Furthermore, as com
pared to either of Methods A or B, this method greatly
Shortens the reduction time. For example, the highly reactive
Zinc can be formed in less than about three hours, preferably
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Method A may be preferred, even if the reaction times are
longer, at least because everything can be carried out in a
Single flask, i.e., no transferS are necessary, and the amount
of electron transfer compound required is Small.
The physical appearance of the Zerovalent highly reactive
Zinc formed from any of the methods described herein
typically depends on the rate of Stirring and/or the rate of
transfer. For example, with respect to Method A, the appear
ance of the Zinc depends on the rate of Stirring, and with
respect to Methods B and C, the appearance of the Zinc
depends on the Speed of the addition of the Zinc Salt or the
reducing agent, in addition to the rate of Stirring. A slow
addition of about three Seconds per drop results in an
extremely fine black slurry of active zinc. The slurry takes
Several hours to Settle and can easily be transferred by a
cannula. With faster addition, about one Second or leSS per
drop, the active Zinc formed is Sponge shaped. Although it
is believed that either of these physical forms of the zinc
does not detrimentally effect its reactivity, if the Zinc is not
in a finely divided form, i.e., if it is sintered into large Shiny
pieces, it will not be very reactive.
The alkali metal complex reducing agents, e.g., lithium
naphthalenide, can also be generated by electrochemical
reduction of an electron transfer compound, e.g.,
naphthalene, using an alkali metal Salt, e.g., a lithium halide,
as the electrolyte. That is, an alkali metal complex reducing
agent can be formed electrochemically. This can be carried
out in an electrochemical cell containing an ethereal or
polyethereal Solvent using an electrode of palladium,
platinum, carbon, or gold. Useful electrodes can be in any of
a variety of forms. They can be Solid, porous, or in the form
of a slurry. The electrochemical route is advantageous and
preferred at least because it avoids the use of alkali metals,
which can be quite dangerous.
AS a representative example of this procedure, naphtha
lene can be reduced in an inert atmosphere in the presence
of a lithium salt, as the electrolyte, in THF. The electrode can
be a large Surface area electrode to facilitate the reduction.
Once the lithium naphthalenide is formed, it can be trans
ferred to the Zinc Salt, or the Zinc Salt can be transferred to

it, for formation of the Zerovalent highly reactive zinc.
Whichever method is chosen, the Zerovalent highly reac
tive zinc is typically in the form of a finely divided black
powder. Once formed it can be isolated and washed to
remove any unreacted Starting materials, Side products, or
exceSS reducing agent, if So desired. It is generally Stable and
can be stored for Several years at temperatures ranging from
O C. to 30° C. It can be stored in a dry state, in mineral oil
as a paste, in an ethereal or hydrocarbon Solvent as a
Suspension, or in a paraffin wax matrix. It is desirable,
however, for the Zerovalent highly reactive zinc to be stored
under an inert atmosphere of argon or nitrogen.
Any solvent which does not substantially react with the
Zerovalent highly active Zinc may be used to prepare a
Stabilized Suspension of Zerovalent highly active zinc. The
Solvent may be chosen to complement the reaction to be
performed with the zinc. Suitable ethereal solvents include,
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for example, tetrahydrofuran, diethyl ether, dioxane,
dimethoxyethane, 2-methoxyethyl ether, triethylene glycol
dimethyl ether, 2-methyltetrahydrofuran, diethylene glycol
dibutyl ether, and diethoxymethane. Suitable hydrocarbon
Solvents include, for example, Saturated alkanes Such as
pentane, hexane, or heptane, other Straight-chain or
branched non-aromatic hydrocarbon Solvents, aromatic
hydrocarbon Solvents Such as benzene, toluene, O-Xylene,
m-Xylene, p-Xylene, and other aromatic or non-aromatic
hydrocarbon solvents.
In addition, nonprotic polar Solvents may be used to form
Stabilized Suspensions of Zerovalent highly active zinc.
Examples of Such Solvents include dimethylformamide,
acetonitrile, propionitrile and hexamethylphosphoric tria
mide.

The Zerovalent highly active Zinc, Suspended in an appro
priate Solvent, is Stored in a under an inert atmosphere. The
Suspension can be Stored in any appropriate container, Such
as a bottle. The bottle can be any bottle capable of being
tightly sealed, such as Aldrich SURE-SEAL bottles. The
bottle may be capped or Sealed in any manner, including
with a foil Seal, but preferably the Storage bottle is capped
with a Septum. Any Synthetic or natural rubber material can
be used for the Septum, Such as, for example, white or red
natural rubber or Suba-SEAL. Use of septum sealed bottles
allows for multiple transfers of material from the same
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already dry and degassed, may be transferred along with a
known quantity of highly active zinc.
The high degree of reactivity retained by the Zinc after
long periods of Storage is demonstrated by the following
examples:
STORAGE EXAMPLEA

Preparation of 5,10-tetradecandione Using Stored
Zn

(a) Quantitative transfer of active Zinc
5,10-tetradecandione was prepared using highly active
Zinc dispensed from a SURE-SEAL bottle.
15

25

bottle.

The Stabilized highly active Zinc, or Zn, Suspended in
Solvent is Stored under an inert atmosphere that further
protects the active Zinc from atmospheric oxygen and mois
ture. Any nonreactive gas may be used, with argon and
nitrogen preferred gases. The Suspension may be Stored
under an inert atmosphere under a wide range of temperature
conditions. While the Suspension can be Stored at tempera
tures ranging from about 0 to 30° C., lower temperatures
are preferred, especially temperatures of about 0 to -20° C.
The highly active zinc stabilized in the manner described
above can be stored for months or years without substantial
loSS of activity. This result is Surprising because over time
one would expect the very Small particles of the highly
active Zinc powder to Sinter, or form larger particles which
are leSS reactive than the finely divided powder. In addition,
the high reactivity of the Zinc powder leads one to expect
Substantial reaction with the solvent at the Surface of the

Zinc, resulting in loSS of the Zincs activity. However, when
the Zinc is Suspended in Solvent as described above, Such
reaction is either prevented or takes place So Slowly that the
Zinc can be Stored for months or years without significant
loSS of activity.
Importantly, when the Zinc is Stored in this manner, the
amount of highly active Zinc transferred can be easily
determined. Because the finely divided, highly active Zinc
forms a uniform Suspension, knowledge of the Volume of
Suspension transferred allows for accurate calculation of the
amount of highly active Zinc transferred. To ensure the
Suspension is as uniform as possible, the Suspension may be
agitated before dispensing.
The Suspension may be prepared using any ratio of highly
active Zinc to metal. For example, if the Suspension contains
5 grams highly active zinc per 100 ml of solvent, when 20
ml of the Suspension is transferred to a reaction flask, 1 gram

removed from the bottle and the round-bottom flask. The

Zn (1.0 g, 15 mmol) in THF under static argon was ready
for use.
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Solvent for the desired chemical reaction, the correct Solvent,

(b) Reaction using the stored active Zinc
To the stirring slurry of Zn in THF was added 1,4dibromobutane (1.186 g, 5.495 mmol) via disposable

Syringe. The reaction mixture became slightly warm and
Stirring was continued for 8 hours. The Stirring was then
Stopped and the exceSS Zinc was allowed to Settle for 8 hours.
The light brown solution of the bis-organozinc halide
reagent was carefully transferred to a solution of CUCN

(0.10 g, 1.1 mmol) and dry THF under argon. The resulting
solution was stirred for 10 min. and valeroyl chloride (1.40
g, 11.6 mmol) was added by disposable Syringe. The reac

tion was stirred overnight, Slowly warming to room tem
perature. The reaction mixture was then quenched by addi
tion to 30 ml 3M HCl. The organic layer was taken up in 20
ml ether and the aqueous layer was extracted two times,
using 20 ml ether each time. The combined organics were
washed consecutively with 20 ml each of Saturated sodium
bicarbonate, water, and brine. The organics were dried over
anhydrous magnesium Sulfate, filtered, and concentrated.

5,10-tetradecandione (1.11g, 4.90 mmol) was isolated from
Silica gel using ethyl acetate/hexanes (1:4) as the eluent
System.
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STORAGE EXAMPLEB

Preparation of Ethyl 4-(1-oxopentyl) Benzoate
Using the procedure described in Storage Example A, a
100 ml round bottom flask fitted with a reflux condenser and
60

Vacuum adapter was charged with a 20 ml slurry of active

Zinc (5 g Zn/100 ml THF) that had been stored under argon
at 0° C. for 6 months. Ethyl 4-bromobenzoate (2.074 g,
9.052 mmol) was added to the active zinc slurry neat via

of Zinc is also transferred. Other convenient ratioS include,

for example, 0.1 gram Zinc to 100 ml solvent and 50 grams
Zinc per 100 ml solvent.
By choosing a Suspension prepared with the appropriate

A 100 ml, two-necked, round-bottomed flask was filled

with argon. A SURE-SEAL bottle of Zerovalent, highly
active zinc containing 5 g Zn per 100 ml THF that had been
in storage at 0°C. for 6 months was removed from a freezer
and connected to an argon/vacuum manifold. The Sharp end
of a cannula was pushed through a SUBASeal Septum on the
100 ml, round-bottomed flask and the flat tipped end of the
cannula was pushed through a Second hole in the Teflon
faced liner of the bottle containing the Zn. The bottle of
Zn was Shaken and the cannula lowered midway into the
Zinc suspension. During transfer of the Zn/THF mixture the
bottle containing the mixture was agitated by Vigorously
rocking the bottle between the thumb and forefinger. After
transfer of 20 ml of the Zinc Suspension, the cannula was
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disposable Syringe. The mixture was refluxed for 3 hours, at
which point the ethyl 4-bromobenzoate was completely
consumed. The exceSS Zinc was allowed to Settle overnight.
The dark brown Solution was transferred to a Solution of
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in the heteronucleus. Preferably, the organic radical of the
organozinc compound is an aliphatic, aryl, heterocyclic, or
arylalkyl group, and more preferably an arylalkyl or hetero
cyclic group. Most preferably, the organic radical of the
organozinc compound is a heterocyclic group. Of the pos
Sible heterocycles, a Sulfur-containing heterocycle or a
nitrogen-containing group are preferred, with Sulfur
containing heterocycles being more preferred.
Preferred aliphatic, aryl, heterocyclic, and arylalkyl
groups include linear or branched alkyl, cycloalkyl, allyl,
Vinyl, phenyl, benzyl, pyridyl, quinolinyl, piperadinyl,
cytosinyl, uracinyl, quaninyl, adenosinyl, pyrrolyl, thiazolyl,
thiophene, and phenyl alkyl groups, as well as the hydro

13
CuCN (0.121 g, 1.36 mmol), Li Br (0.118 g, 1.36 mmol) and
THF at 0° C. The Solution was stirred for 10 min. and
valeroyl chloride (1.101g, 8.404 mmol) was added neat via
disposable Syringe. The mixture was Stirred at a bath tem
perature of O C. for 4 hours and then at room temperature
for 12 hours. The reaction mixture was quenched by addition
to 30 ml 3M HCl and then taken up in 30 ml ether. The
aqueous layer was extracted twice, using 20 ml ether each
time. The combined organics were washed consecutively
with 20 ml each of Saturated Sodium bicarbonate, water,

water, and brine. The organics were dried over anhydrous

magnesium Sulfate and concentrated. Ethyl 4-(1-oxopentyl)
benzoate (0.782 g, 3.34 mmol) was recovered and isolated
from Silica gel using gradient elution (hexanes, followed by
15% ethyl acetate/hexanes).

The Organozinc Reagents
The Zerovalent highly reactive Zinc species of the present
invention readily undergoes oxidative addition to a wide
variety of organic compounds to form organozinc reagents.
Significantly, the reaction will tolerate a wide spectrum of
functional groups on the organic compounds. These orga
noZinc reagents can be used to create unique organic Species,
Such as highly functionalized biphenyl compounds, highly
functionalized benzene derivatives, Symmetrical and
unsymmetrical Substituted 1,3-butadienes, highly function

carbon Substituted and/or functionalized forms thereof. The
15
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alized ketones, esters, amides, nitrites, or halides, or known

organic compounds from unique Synthetic routes.
Generally, the organozinc reagent of the present invention
includes an aliphatic, aryl, heterocyclic, arylalkyl, or poly
meric mono- or poly-Zinc compound. Preferably, the orga
nozinc reagent is a mixture or combination of an aliphatic,
aryl, heterocyclic, arylalkyl, or polymeric mono- or poly

Zinc compound and an alkali metal Salt (or Salts). The alkali

metal Salt preferably includes an anion Selected from the
group consisting of Sulfate, nitrate, nitrite, acetate, halide,
and cyanide. More preferably, the alkali metal Salt is a Salt
of a Sulfate, nitrate, nitrite, acetate, or cyanide, and most
preferably cyanide, for certain embodiments of the present
invention. More preferably, for other embodiments of the
present invention, the organozinc reagent contains an alkali
metal Salt of cyanide, halide, or both an alkali metal Salt of
cyanide and an alkali metal Salt of halide. Most preferably,
for these embodiments, the alkali metal Salt is an alkali metal

Salt of cyanide or an alkali metal Salt of cyanide and an alkali
metal Salt of halide. Thus, the organozinc reagents of the
present invention can include alkali metal Salts of various
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Zerovalent Zinc metal atoms and an alkali metal salt (or
Salts), preferably a salt of cyanide, to produce a second
combination of an organic mono- or poly-Zinc compound

and the alkali metal Salt (or salts).
40
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anions.

The Zinc moiety and alkali metal Salts of the alkali metal
reagent are derived from the foregoing Zerovalent Zinc
Species. Although not intending to be a limitation of the
invention, it is believed that the Zinc moiety or moieties of
the organic Zinc compound associate in Some manner with
the alkali metal Salts present to form the organozinc reagent.
It is further believed that this association is in part respon
Sible for the novel and Selective reactivity of the organozinc
reagent of this invention.
The molecular size of the organozinc reagents can range
from monomeric organic compounds, typically having from
1 to about 300 carbons, to polymeric compounds having
molecular weights up to and including the million range.
The organic radical of the organozinc compound can be an
aliphatic, aryl, arylalkyl, heterocyclic, or polymeric group.
That is, the organic radical can be Saturated, unsaturated,
cyclic, aromatic, or heterocyclic containing nitrogen,
oxygen, Sulfur, phosphorus, Silicon, or combinations thereof

hydrocarbon Substituents can be one or more of Such groups
as alkyl, cycloalkyl, heterocyclic, olefinic, and aromatic
groups as well as combinations thereof, each Substituent
preferably having from 1 to about 30 carbon atoms.
The aliphatic, aryl, arylalkyl, heterocyclic, or polymeric
group of the organozinc reagent may optionally, and
preferably, be functionalized with Such groups as amides,
nitriles, esters, ketones, allyls, ethers, carbamates, acetyls,
imines, enones, epoxides, olefins, aldehydes, Sulfoxides,
Sulfones, other halides, or any combination of these groups.
Preferably, these functional groups are esters, nitriles,
ketones, amides, halides, acetyls, enones, epoxides, olefins,
ethers, or any combination of these groups.
The organozinc reagents are produced by the reaction of
the highly reactive Zinc species of the present invention with
an organic compound having at least one Stable anionic
leaving group. That is, the method for preparation of an
organozinc reagent of the present invention includes con
tacting an organic compound having one or more stable
anionic or neutral leaving groups with a first combination of

50
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The organic compound having at least one stable anionic
or neutral leaving group, i.e., the Starting material, prefer
ably includes an organic radical Selected from an aliphatic,
aryl, heterocyclic, arylalkyl, and polymeric radical, more
preferably, an aliphatic, aryl, heterocyclic, and arylalkyl
group, and most preferably, a heterocyclic group, Such as a
cyclic hydrocarbon containing Sulfur, oxygen, nitrogen, etc.,
as discussed above. The organic radical can optionally, and
preferably, be functionalized with amides, nitriles, esters,
ketones, allyls, ethers, carbamates, acetyls, imines, enones,
epoxides, olefins, aldehydes, Sulfoxides, Sulfones, other
halides, or any combination of these groups. More
preferably, these functional groups are esters, nitriles,
ketones, amides, halides, acetyls, enones, epoxides, olefins,
ethers, or any combination of these groups.
The Stable anionic or neutral leaving group of the organic
compound Starting material can be a halide, tosylate, triflate,
phenolate, broSylate, trialkyl amine, triaryl amine, mixed

tri(alkyl/aryl)amine, trialkyl phosphine, triaryl phosphine,
mixed tri(alkyl/aryl)phosphine, trialkyl Stannane, triaryl
Stannane, mixed tri(alkyl/aryl)Stannane, thiophene
(-SCH), phenolate (-OCH), and the like. By “mixed
tri(alkyl/aryl)' amine, phosphine, Stannane, it is meant that

the nitrogen, phosphorus, and tin can be Substituted with
both alkyl and aryl groups. For example, a neutral leaving
65

group can be P(CH2)(CH3). Preferably, an anionic leaving

group is a halide or triflate, and more preferably, a halide.
That is, more preferably the organozinc reagents include
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organozinc halides, i.e., aliphatic, aryl, heterocyclic,
arylalkyl, or polymeric compounds having one or more
halide groups. Thus, organozinc halides are understood to
include Vinyl halides. Most preferably, the halide groups are
iodide, chloride, and bromide. If the halide group is a

ratio is 0.9–1.1 moles Zinc to 1 mole reactive compound, i.e.,
about an equimolar amount. Most preferably, the Zinc is
present in an excess amount, i.e., at least about 1.1 moles
Zinc to 1.0 mole reactive organic compound.
Although the organozinc reagents contain functional
groupS Such as allyls, ethers, esters, nitriles, amides, ketones,
etc., they are generally stable at ambient temperatures. That
is, they do not typically Self-react, or otherwise decompose,
to a significant extent. To prevent any significant amount of
decomposition, the organozinc reagents of the present
invention are preferably Stored within a temperature range of
about -100° C. to about 200 C., under argon or nitrogen.
Reactivity of the Organozinc Reagents
In general, the organozinc reagents undergo coupling
reactions with organic electrophiles, i.e., compounds that are
deficient in electrons, Such as carboxylic acid halides,
aldehydes, C.f3-unsaturated carbonyl compounds, epoxides,
and the like. A typical method for preparation of a function
alized organic compound from the organozinc reagents of
the present invention includes combining an organozinc
reagent and an organic electrophile to produce a coupling of
the organic radical of the organozinc reagent and the organic
group of the organic electrophile, wherein the organozinc
reagent is a combination of an aliphatic, aryl, heterocyclic,
arylalkyl or polymeric mono- or poly-Zinc compound and an

chloride, in certain reactions an alkali metal iodide can be

added to the reaction mixture to improve the reactivity.
Typical yields of the organozinc reagents are greater than
about 30%, preferably greater than about 50%, and more
preferably greater than about 70%. In some instances the
organozinc reagents can be produced in nearly quantitative
yields. Unless otherwise indicated, percentages. herein refer
to mole percentages, and are typically based on the amount
of the Starting organic compound having at least one stable
anionic leaving group.
Although the highly reactive Zinc used in the formation of
the organozinc reagents of the present invention can be that
prepared by any of the methods described herein, it is
preferably prepared as described in Method C, particularly
if Zinc halides are used. This is because the Zinc prepared in
this manner produces more reproducible results. Also, it is
easier, less costly, and requires less time to prepare.
Furthermore, it is easier to purify than the Zinc produced in
Methods A and B. If zinc cyanides are used, however,
typically Method A is preferred, at least because it is easier,
less costly, and more efficient.
Examples of organic halides that react with the highly
reactive Zinc Species of the present invention include, but are
not limited to, 1-bromooctane, 1-bromo-6-cyanohexane,
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alkali metal Salt (or Salts), preferably a Salt of a cyanide. One

1-bromo-6-chlorohexane, 1-chlorooctane, 1-bromo-3-

phenoxypropane, 1-bromo-5-phenoxype ntane,
bromocyclohexane, 1-bromoadamantane, m-bromotoluene,
m-bromoaniSol, p-chlorotoluene, 1-bromopropane,
1-iodobutane, O-cyanophenyl bromide, allyl chloride, ethyl
4-bro mob en Zoate, 1,4-dibro mob en Zene, 2,5-

dibromothiophene, 3-methyl-2,5-dibrom othiophene,
3-hexyl-2,5-dibromothiophene, 2,5-dibromophyridine, etc.
See the Tables below for Specific examples of organozinc
compounds prepared by the method of the present invention.
The reactions are generally conducted under conditions
designed to preserve the integrity of the organozinc reagents.
These conditions include, for example, the exclusion of
water and oxygen. Typically, the reactions are carried out in
the same medium used to produce the highly reactive Zinc
Species. Preferably, the reactions are carried out in an
ethereal, polyethereal, or hydrocarbon solvent. More
preferably, the reactions are carried out in an ethereal or
polyethereal Solvent. Most preferably the reactions are car
ried out in THF.

The reactions of organic compounds with a stable leaving
group, e.g., organic halides, with the Zerovalent highly
reactive Zinc species of the present invention are typically
carried out at temperatures of about -110° C. to about 250
C., preferably at a temperature of about -30° C. to about
150° C. More preferably, the reactions are carried out at
temperatures less than about 100° C. Most preferably, the
reactions are carried out at temperatures of about 20 C. to
about 100° C. As a general matter, the reactions of aryl
halides require higher temperatures than the reactions with
alkyl halides. The reactions are typically complete within
about six hours, and preferably within about two hours.
The highly reactive Zinc species and the reactive organic
compound, e.g., organic halide, with which it reacts, are
preferably present in an amount Such that the ratio of Zinc to
reactive organic compound is about 0.9–4 moles of Zinc to
1 mole of reactive organic compound. More preferably, the
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of the carbons of the electrophilic group and the carbanion
of the organozinc reagent, i.e., the carbon to which the Zinc
is attached, are the Sites for coupling. Although the organic
electrophile starting material can contain any type of elec
trophilic group, Such as carboxylic acid halides, aldehydes,
enones, imines, epoxides, C.?3-unsaturated aldehydes,
ketones, esters, and amides, and the like, it preferably has at
least one reactive electrophilic group. By “reactive’ elec
trophilic group or “reactive' organic electrophile, it is meant
that the electrophilic group is Sufficiently electron deficient
to be capable of reacting with the organozinc reagent of the
present invention. Preferably, the reactive electrophilic
group is Selected from the group consisting of carboxylic
acid halides, aldehydes, C.B-unsaturated carbonyl com

pounds (i.e., esters, ketones, nitriles, amides, and
carbamates), and epoxides.
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Specific illustrations of the novel utility of the highly
reactive Zinc species and the organozinc reagents of the
present invention produced from the highly reactive Zinc
Species of the present invention are described below in the
Examples. In certain situations the organozinc reagents can

also react with copper (I) Salts to produce organozinc

reagents containing copper atoms, herein referred to as
organozinc cuprate reagents.
Generally, the coupling reactions between the organozinc
reagent and the organic electrophile are typically conducted
in the same medium used to produce the organozinc reagent.
The reaction is conducted under conditions designed to
favor the production of the desired coupled product. Those
conditions generally include low temperature, use of appro
priate electrophiles, addition of the electrophile to the orga
nozinc reagent and Stirring with appropriate reaction times.
One or more of these conditions will be appropriate for use
in particular instances. Choice of Some or all of them is
within the ordinary artisan's skill.
Preferably, the reactions are carried out in an ethereal,
polyethereal, or hydrocarbon Solvent Such as ethyl ether,
tetrahydrofuran, methyl-t-butyl ether, glyme, diglyme,
triglyme, benzene, and the like. If a hydrocarbon Solvent is
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used, it preferably contains a Secondary Solubilizing agent
such as N,N,N',N'-tetramethylethylenediamine, or the like.
More preferably, the reactions are carried out in an ethereal
or polyethereal Solvent. Most preferably, highly Solvating
Solvents, Such as THF, methyl-t-butyl ether, glyme, diglyme,
and triglyme, are used because they facilitate the oxidative
addition reactions with the organic electrophiles.
Residual alkali metal Salts, Such as alkali metal cyanide,

preserve the integrity of the organozinc cuprate reagents.
These conditions include the exclusion of water and oxygen,
temperature of less than about 200 C., preferably at a
temperature of about -140 C. to about 100° C., and more
preferably at a temperature of about -80 C. to about 30° C.
The copper is usually added in an equimolar amount relative
to the organozinc reagent, but can be added in an exceSS
amount. The formation of the organozinc cuprate reagents is
typically carried out in the same medium used to produce the
organozinc reagent.
Reaction of the organozinc reagents with acid halides,

alkali metal halides, or combinations of alkali metal Salts,

are preferably present in the reaction mixture of the elec
trophiles and the organozinc reagents. Although not
intended to be limited by any theory, it is believed that the
exceSS alkali metal Salt facilitates electron transfer to the
organic compound.
The reagents and reactions of this invention are useful in
the organic Synthesis of organic compounds that are impos
Sible to prepare by other techniques. In particular, the facility
to react alkyl chlorides or vinyl and aryl bromides at low
temperatures, the ability to modify chemical reactivity by
formation of a Zinc cuprate, and the ability to prepare
various organozinc reagents which contain a wide range of
functional groups, are all useful for designing organic Syn
thetic procedures. As a result, these unique capabilities
promote the use of the reagents and reactions of this inven
tion in the organic Synthesis of pharmaceutical compounds,
insecticides, Specialty chemicals, fine and rare organic
chemicals, organic intermediates, herbicides, polymeric
compounds, organic additives for polymer compositions,
organic conductors, and organic information Storage
devices. Specific examples include the Syntheses of one
dimensional, highly conducting polymers, prostaglandins,
penicillins, tranquilizers, and carbocyclic anticancer agents.
These syntheses are made more efficient, are economically
feasible, and, in Several cases, represent the only route
possible. Thus, the present invention opens the Synthetic and
investigatory arenas to the development and use of rare or
previously unavailable organic compounds.
Preparation and Reactions of Organozinc Cuprate
Reagents with Acid Chlorides and Enones

Addition of copper(I) Salts to the organozinc reagents
described above result in organozinc cuprate complexes of
unique and different chemical reactivity. The organozinc
cuprate complexes are aliphatic, aryl, heterocyclic,
arylalkyl, or polymeric Zinc cuprates. Preferably, they are
composed of a mixture or combination of an aliphatic, aryl,
heterocyclic, arylalkyl, or polymeric Zinc cuprate and an
alkali metal Salt. In this context, by “mixture or combina
tion' it is meant that both the organozinc cuprate and alkali
metal Salt are in Solution and interact in Some, as yet,
undetermined manner. In these preferred mixtures the alkali

particularly acid chlorides, in the absence of a Cu(I) Salt,

typically afford complex mixtures of products. However, in
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carbamates, nitriles, etc.

Furthermore, organic dihalides react with the highly reac
50
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Salts that are Soluble in an ethereal, polyethereal, or hydro
carbon solvent. They include, but are not limited to,
60

thienylcyanocuprate, or other Cu(I) Salts with nonprotic
anions. More preferably, the Cu(I) salt is CuCN.2LiBr,
CuCN.2LiCl, CuCN.2LiI, and lithium thienylcyanocuprate,

organozinc cuprate reagents are those typically designed to

cuprates. These include organic Vinyl compounds containing
a wide range of functional groups Such as ketones,

tive zinc of the present invention and Cu(I) salts to form

The copper(I) salts that are reactive with the organozinc
reagents of the present invention are preferably copper(I)

or combinations thereof.
The reaction conditions used for the formation of the

chlorides, to form dialkyl ketones, diaryl ketones, and mixed
alkyl aryl ketones. Specific examples of these reactions are
set forth in Example 3 and Table II.
These ketones can be produced from any of the orga
nozinc reagents discussed above. They are preferably pre
pared Starting with the Zerovalent highly reactive Zinc spe
cies prepared from Zinc halides and cyanides. Preferably,
they are prepared Starting with the Zerovalent highly reactive
Zinc species prepared from Zinc cyanides because of the
higher reactivity of the resultant Zerovalent Zinc species. If
the ketones are produced Starting with the Zerovalent highly
reactive Zinc species prepared from Zinc halides, Method C
is preferably used for the preparation of the Zerovalent Zinc
Species because this route results in production of the
ketones in greater than about 50%, and often greater than
about 70%, reproducible yields.
Significantly and unexpectedly, organozinc cuprates con
taining Vinyl groups, i.e., Vinyl organozinc cuprates, can be
made Starting with the Zerovalent highly reactive Zinc of the
present invention. These vinyl organozinc cuprates react
with acid halides, preferably acid chlorides, to form vinyl
ketones. Significantly, any organic compound with a vinyl
group and a stable leaving group, Such as a halide, will react
with the Zerovalent highly reactive Zinc of the present

invention and Cu(I) salts to produce vinyl organozinc

reagent. Significantly, the organozinc can contain a wide
range of functional groupS. Such as esters, nitriles, amides,

CuCN.2LiBr, CuCN.2LiCl, CuCN.2LiI, CuCN.LiBr,
CuCN.LiCl, CuCN.LiI, CuI, CuBr, CuCl, CuF, lithium

nozinc reagents can be converted into the corresponding

copper derivatives, e.g., RCu(CN)ZnX (R being the organo
group), which can react with acid halides, preferably acid

metal Salts are from the copper(I) Salt and/or the organozinc
ketones, carbamates, and other halides.

the presence of a Cu(I) Salt, Such as CuCN.2LiCl, orga
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bis-organozinc cuprates. These bis-organozinc cuprates are
Similar to the monoorganozinc cuprates only containing two
Separate organozinc cuprate Sites. Using these organozinc
cuprates, organic dihalides couple with acid halides to form
organic diketones. These diketones and the Vinyl ketones
discussed above are preferably prepared Starting with the
Zerovalent highly reactive Zinc species prepared from Zinc
halides and cyanide. Preferably, they are prepared Starting
with the Zerovalent highly reactive Zinc Species prepared
from Zinc cyanide because of the higher reactivity of the
resultant Zerovalent Zinc species. If the diketones and Vinyl
ketones are produced Starting with the Zerovalent highly
reactive Zinc species prepared from Zinc halides, Method C
is preferably used for the preparation of the Zerovalent Zinc
Species because this route results in production of the
diketones and Vinyl ketones in greater than about 50%, and
often greater than about 70%, reproducible yields.
The conditions for any of these ketone formation reac
tions involving acid halides include temperatures of leSS
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than about 200 C., preferably at a temperature of about
-140 C. to about 100° C., more preferably at a temperature
of about -80 C. to about 30° C., and the absence of oxygen

20
chemistry of these reactions, including the nature of the
leaving group, the degree of Substitution at the two ends of
the allylic System, the Solvent System, the nature of the
nucleophile and the catalyst. In general, Substitution of
allylic Substrates with or without complete allylic rearrange
ment has been an unpredictable process. While considerable
research has been done on the coupling reactions of allylic
halides with a variety of organometallic reagents, in only a

or protic Solvents. The organozinc cuprates and acid halides
are combined in approximately equivalent ratios, i.e.,
0.8-1.2 moles organozinc cuprate to 0.8-1.2 moles acid

halide (or to 1.8-2.2 moles acid halide for the preparation of
the diketones). The acid halides can be any of a variety of
acid halides, i.e., RC(O)x wherein the organic radical R is

few instances were the desired results obtained.

aliphatic, aryl, heterocyclic, arylalkyl, or polymeric.
Preferably, the organic radical R in the acid halides is an
alkyl, aryl, or arylalkyl group. More preferably, the acid

halides are of the formula RC(O)x wherein R is a Coo
alkyl, Coo aryl, or Czoo arylalkyl. Most preferably, R is
a Coo alkyl or a Coo aryl. Of the acid halides, the halide
group that is the most preferred is chloride.
Organozinc cuprate reagents of the present invention also
undergo conjugate 1,4-addition reactions with C.,3unsaturated Species to form functionalized ketones.
Significantly, little if any 1,2-addition products are formed.
See Example 4 and Table III for specific examples. The
C.f3-unsaturated Species that undergo the 1,4-addition reac
tions can be any of a variety of C.B-unsaturated Species. For
example, they can be C.f3-unsaturated ketones, aldehydes,
esters, and amides, C-Substituted C.B-unsaturated ketones,
aldehydes, esters, and amides, B-Substituted C.B-unsaturated
ketones, aldehydes, esters, and amides; and C., B
disubstituted C.f3-unsaturated ketones, aldehydes, esters,
and amides. The C.f3-unsaturated Species can be acyclic,
cyclic, aryl, and even Sterically hindered. Preferably, the
C.B-unsaturated Species are ketones, including C- and
B-Substituted C.B-unsaturated ketones. Specific examples
include 2-cyclohexenone, 4-hexen-3-one, methyl vinyl
ketone, 2-cyclopentenone, 3-methyl-2-cyclohexenone,
2-methyl-2-cyclopentenone, and 3,5,5-trimethyl-3Vinylcyclohexanone.
If the C.B-unsaturated Species are Sterically hindered, i.e.,
if any group in the molecule hinders attack of the B-position,
it is preferred that the reaction mixture contains BF etherate

or chlorotrimethylsilane (TMSCI), and more preferred that
the reaction mixture contains both BFetherate and TMSC1.

These reagents perform the function of activation of the
C.f3-unsaturated System. Other useful reagents Such as this
include alkyl phosphines.
Typically, the product yields of the 1,4-addition reactions
using the organozinc cuprate reagents are greater than about
40%, and preferably greater than about 70%. The reaction
conditions for the 1,4-addition reactions include tempera
tures of less than about 100 C., preferably at a temperature
of about -140 C. to about 100° C., more preferably at a
temperature of about -80 C. to about 30° C., and the
absence of oxygen. Organozinc cuprates can react with a
variety of other organic complexes as discussed hereinbe
low. They can be used, for example, in the preparation of
2,3-disubstituted 1,3-butadienes, substituted C., B
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Butadienes
45

The organozinc reagents of the invention can also be used
in regioSelective reactions with alkynes to form functional
ized butadienes. By “regioSelective reactions' it is meant the
organozinc reagent adds to a Specific Site. For example,
50

Halides

Since the allyl moiety is an integral feature of many
natural products and biosynthetic intermediates, allylic com
pounds have been of considerable Synthetic importance.
Substitution reactions of allylic halides with organometallic
reagents have provided an important route for the Synthesis
of these allylic compounds. Many factors affect the regio

functionalized 2,3-disubstituted-1,3-butadienes can be

readily prepared by reacting functionalized organozinc com
pounds with 1,4-dichloro-2-butyne, 1,4-dibromo-2-butyne,
1,4-ditriflate-2-butyne, 1,4-dibrosylate-2-butyne, or 1,4-

ditosyloxy-2-butyne mediated by Cu(I) salts. The orga
55

nozinc reagent adds only at the alkyne carbons, i.e., carbon
atoms 2 and 3.

unsaturated ketones, esters amides, and Sulfones and

intramolecular cyclizations.
Reactions of Organozinc Cuprates With Allylic

In contrast, the organozinc cuprates of the present inven
tion undergo highly regioSelective y-alkylation of allylic
halides at temperatures of about -140 C. to about 125 C.,
preferably about -100° C. to 100° C., and more preferably
at temperatures of about -78 C. to about 25 C. Not only
are the additions highly regioSelective, but the organozinc.
reagents can also be highly functionalized. See Example 5
and Table IV for specific reactions.
The highly reactive Zerovalent Zinc species produced by
any of methods described herein can be used in this Synthetic
procedure. Preferably, the highly reactive Zinc species is
prepared from Zinc cyanide and halides, and more preferably
Zinc cyanide. If Zinc halides are used, the highly reactive
Zinc produced by Method C is preferred at least because
product isolation and purification is easier, and the yields are
more reproducible. Significantly, the highly regioSelective
Y-alkylation of allylic halides is effective of a wide variety of
allylic halides, including highly functionalized allylic
halides containing remote, i.e., about 2 or more carbons
away, ester, amide, nitrile, ketone, carbamate, halide, or
epoxide groups. The allylic halide is preferably a C-so
aliphatic halide, more preferably a Cso aliphatic chloride
or bromide. Specific examples include crotyl chloride, cin
namyl chloride, and cinnamyl bromide.
The S2’ reaction product is typically formed in greater
than an equimolar amount, i.e., 50:50, relative to the S2
reaction product. Preferably, it is formed in greater than
about an 80:20 molar ratio relative to the S2 reaction
product, more preferably in greater than about a 90:10 molar
ratio, and most preferably in greater than about a 95.5 molar
ratio. The total yield of the reaction is typically greater than
about 70%, and often greater than about 80%.
Preparation of Functionalized 2,3-Disubstituted 1,3-
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It is known that Grignard reagents react with 1,4dichloro-2-butyne to give a mixture of S2 and S2' prod
ucts. Several modifications, including the use of 1,4dialkoxy-2 -butyne, 1,4-ditosyloxy-2-butyne, 1,4dimethylsulfinyloxy-2-butyne, or 1,4-bisdiethoxy

phosphinyloxy-2-butyne along with (RCuBr)MgBrLiBr,
have been employed. However, these methods either require

severe experimental conditions (90-100° C., 40–45 hours)

65

or limit the type of R groups. For 1,4-dialkoxy-2-butyne, the
R group is limited to phenyl rings containing electron
withdrawing groups. For 1,4-ditosyloxy-2-butyne, only the
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unsubstituted phenyl ring was reported to be Successful. For
1,4-dimethylsulfinyloxy-2-butyne and 1,4-bis(diethoxy
phosphinyloxy-2-butyne, R was limited to alkyl groups.
Use of Grignard reagents also precludes most functional

22
preferably Br) are readily prepared by the cross-coupling of
the organozinc reagents of the present invention with 2,3disubstituted-propene compounds of the formula

groupS.

The present invention provides organozinc compounds
which are readily available by direct oxidative addition of
organic compounds containing a stable leaving group, pref
erably organic halides, with the Zerovalent highly reactive
Zinc species of the present invention. The highly reactive
Zinc species can be prepared by any of the methods
described herein. Preferably, the highly reactive zinc is
prepared from Zinc cyanide and halides, and more preferably
Zinc cyanide. If Zinc halides are used, the Zerovalent highly
reactive Zinc species produced by Method C is preferred at
least because product isolation and purification is easier, and
the yields are more reproducible. The organozinc reagents

HC=C- CHY

mediated with a Cu(I) salt, such as CuCN.2LiBr. The

15

produced react with Cu(I) salts as described above to form

organozinc cuprates. These organozinc cuprates react with
alkynes to give highly regioSelective S2’ products. For
example, under Similar conditions, organozinc cuprates react
with 1,4-dichloro-2-butyne or 1,4-ditosyloxy-2-butyne to
give eXclusive S2’ attack yielding the corresponding 2,3disubstituted-1,3-butadiene in good to excellent yields.
25
o

2R'ZinX - Y - CH-CEC - CH-Y
R

Cu(I)

presence of the copper Salt is advantageous for these cou
pling reactions because it increases yields and reaction rates.
For example, in the presence of CuCN.2LiBr, the reactions
are complete in about 15 minutes and the yields are excel
lent. It is believed that this is because of the formation of
organozinc cuprates, as discussed above. The experimental
results using various organozinc reagents are Summarized in
Table VI of Example 7. In each of the structures shown in
this Section, X and Y are any of the Stable anionic leaving
groups listed for the organozinc reagents in the discussion
above, preferably triflate and a halide, and more preferably
Br; and R is any aliphatic, aryl, heterocyclic, arylalkyl, or
polymeric organic radical as in the organozinc reagents
discussed above, and more preferably R is functionalized
with any of the functional groups listed above for the
organozinc reagents.
1-Alkene-2-Zinc reagents, i.e., Vinyl organozinc reagents,
of the formula

-

R
R"

R

R-CH-C=CH

are readily prepared by oxidative addition of highly reactive
Zinc to the 2-Substituted-1-alkenes. The conditions required
See Example 6 and Table V for specific embodiments of
the foregoing reaction. The alkyne of the foregoing reaction
can be any of a variety of molecules of the formula Y-CH
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for the preparation of organozinc reagents. These 1-alkene

2-Zinc reagents cross-couple with acid chlorides (RC(O)Cl,

wherein R is preferably any aliphatic, aryl, heterocyclic,

(R)-C=C-CH(R)- Y wherein R can be any alkyl, aryl,

arylalkyl, or heterocyclic group, and Y can be a stable
anionic leaving group, e.g., a halide, triflate, tosylate,
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brosylate, thiophenolate (-SCH), or phenolate
(-OCHs). Preferably, R is a Coo alkyl, Coo aryl, or

Czoo arylalkyl, and Y is Cl, Br, triflate, tosylate, broSylate,
thiophenolate, or phenolate. More preferably, R is a Co
alkyl and phenyl, and Y is Cl, triflate, tosylate, and broSylate.
The preparation of functionalized 2,3-disubstituted 1,3butadienes is typically carried out at temperatures of about
-100° C. to about 150 C., preferably at temperatures of
about -60° C. to about 70° C., and more preferably at
temperatures of about -20° C. to about 25 C. The func
tionalized 2,3-disubstituted 1,3-butadienes are typically
formed by the methods of the present invention in greater
than about 50% yields, and often in greater than about 70%
yields.
Preparation of Functionalized Substituted C.B-
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2-Substituted-1-alkene compounds, e.g., vinyl halides, of
60

R-CH-C=CH
65

(wherein X=any of the stable leaving groups listed for the

organozinc reagents, preferably triflate or a halide, more

arylalkyl, or polymeric organic radical), alkyl chloroformate
(ClC(O)OR, wherein R is preferably any aliphatic, aryl,
heterocyclic, arylalkyl, or polymeric organic radical), car
bamyl chlorides (R-NC(O)Cl, wherein R is preferably any

aliphatic, aryl, heterocyclic, arylalkyl, or polymeric organic

Unsaturated Ketones, Esters, Amides, and Sulfones
the formula

for this oxidative addition reaction are as described above

radical), and Sulfonyl chlorides (CIS(O)OR, wherein R is
preferably any aliphatic, aryl, heterocyclic, arylalkyl, or
polymeric organic radical), for example, using Pd(O) cata
lysts to produce C.-Substituted C.f3-unsaturated ketones, C.f3
unsaturated esters, C.B-unsaturated amides, and C.Bunsaturated Sulfones, respectively, in high to excellent
yields. The compounds of C.f3-unsaturated ketones, esters,
amides, and Sulfones are extremely useful and versatile
compounds. The experimental results using various vinyl
organozinc reagents are Summarized in Table VII of
Example 8.
Traditionally, Aldol condensation reactions and the
Friedel-Crafts reactions of acid chlorides, acids, and anhy
drides with olefins have been the most important and effec
tive methods for the preparation of C.B-unsaturated Species.
These methods are very limited for the syntheses of func
tionalized C-Substituted C.f3-unsaturated ketones, esters,
amides, and Sulfones. For example, most of the organozinc
compounds, prepared by transmetallation from organo
lithium or Grignard reagents, couple with acid chlorides to
give the corresponding carbonyl compounds; however, these
methods preclude the presence of most functional groups.
With the present invention, the Zerovalent highly reactive
Zinc species of the present invention, prepared by any of the
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an equimolar ratio, i.e., about 1 mole to 1 mole. The
Substituted C.f3-unsaturated Species are typically formed by
the methods of the present invention in greater than about
50% yields, and often in greater than about 70% yields.

23
reduction methods of a Zn(II) salt discussed herein, can be

used in the preparation of highly functionalized
C-Substituted C.B-unsaturated ketones, esters, amides, and
Sulfones. This occurs via the coupling reactions of highly
functionalized vinyl organozinc reagents with acid halides
(RC(O)X, wherein R is preferably any aliphatic, aryl,
heterocyclic, arylalkyl, or polymeric organic radical, and

X=Cl, F, Br, I), alkyl haloformates (XC(O)OR, wherein R is
preferably any aliphatic, aryl, heterocyclic, arylalkyl, or
polymeric organic radical, and X=Cl, F, Br, I), carbamyl
halides (R-NC(O)x, wherein R is preferably any aliphatic,
aryl, heterocyclic, arylalkyl, or polymeric organic radical,
and X=Cl, F, Br, I), and Sulfonylhalides (XS(O)OR, wherein
R is preferably any aliphatic, aryl, heterocyclic, arylalkyl, or
polymeric organic radical, and X=Cl, F, Br, I), preferably
acid chlorides (RC(O)Cl, wherein R is preferably any

This approach can also be used to prepare B-Substituted
C.f3-unsaturated ketones, esters, amides, and Sulfones of the
following Structures:
O

R'-CH=CH-C-R
O

15

R'-CH=CH-C-OR

aliphatic, aryl, heterocyclic, arylalkyl, or polymeric organic

O

radical), alkyl chloroformates (CIC(O)OR, wherein R is
preferably any aliphatic, aryl, heterocyclic, arylalkyl, or
polymeric organic radical), carbamyl chlorides (R2NC(O)

R-CH=CH-C-NR
O

Cl, wherein R is preferably any aliphatic, aryl, heterocyclic,

arylalkyl, or polymeric organic radical), and Sulfonyl chlo
rides (CIS(O)OR, wherein R is preferably any aliphatic,
aryl, heterocyclic, arylalkyl, or polymeric organic radical),
using Pd(O) catalysts. The acid chlorides can be any acid
chloride with functional groups that tolerate the conditions

R-CH=CH-SOR

25

of their preparation. The Pd(O) catalyst can be Pd(PPh3),
polymer-bound Pd(PPh), Pd(dppe) (wherein dippe=1,2bis(diphenylphosphino)ethane), or bis(dibenzylide nea
cetone) palladium. Preferably, the Pd(O) catalyst is
Pd(PPh3). The reaction equations for a particular embodi

wherein R'=any aliphatic, aryl, heterocyclic, arylalkyl, or
polymeric organic radical as in the organozinc reagents,
preferably R' is functionalized with any of the functional
groups listed herein for the organozinc reagents. R=any
aliphatic, aryl, heterocyclic, arylalkyl, or polymeric organic
radical.

ment of this process are as follows:

Examples of reactions using this method of preparation
are as follows:

Br

35

O

Br
Zn3r

R-CH-C = CH

C

-

--

R

Br

CCN e2LBr

R-CH-C=CH2 + Zn -

F

40

O

R-CH-C=CH
Zn3r

R

45

O

Pd(PPh3)4

R-CH-C=CH + CI-C-R -->

Zn3r

O

O
C-R"

C

us

R

50
O

R-CH-CFCH2

The preparation of Substituted C.B-unsaturated ketones,
esters, amides, and Sulfones from the vinyl organozinc
reagents is typically carried out with an effective amount of

a Pd(O) catalyst at temperatures of about -100° C. to about
100° C., preferably attemperatures of about -50 C. to about
50 C., and more preferably at temperatures of about -20°
C. to about 30° C. By an “effective amount” of a Pd(O)
catalyst, it is meant that there is a Sufficient amount present
to effect the reaction in a reasonable length of time, i.e., in
less than five days. Typically, this is an amount of about
1-10 mole-%, and preferably about 1-5 mole-%, based on
the amount of vinyl organozinc reagent present. The vinyl
organozinc reagent and the reagent with which it couples to
form the Substituted C.B-unsubstituted Species are present in

R

55
Zn3r

O

C
60

ls R He

NC
O

R

65
NC
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-continued

halides, C-Coo vinyl halides, and C-Coo heterocyclic
halides containing one or more hetero atoms, using a pal
ladium catalyst. Known organozinc compounds prepared by
a metathesis reaction from the corresponding organolithium
reagent allow limited functionality to be tolerated. In
contrast, the highly functionalized organozinc compounds of
the present invention, prepared from the highly reactive Zinc
of the present invention, cross-couple readily with aryl and

Zn3r ul
Orr C R
O

O

Orr R

CH3C

1O

O

EtOC

Zn3r ul
Orr Cl R

15

halides can be functionalized with ester, nitrile, nitro, amide,

amount of a Pd(O) catalyst at temperatures of about -100°
C. to about 100° C., preferably about -50° C. to about 50°
C., and more preferably at temperatures of about -20° C. to
about 30° C. By an “effective amount” of a Pd(O) catalyst,

Orr's R

O

r

C

-

R

are preferably bromides and iodides. All functional groups
are possible except for aldehydes. That is, the aryl and Vinyl

ketone, carbamate, epoxide, ether, olefins, and thioesters.
These reactions are typically carried out with an effective

O

EtOC

vinyl halides when catalyzed by a Pd(O) catalyst. This
catalyst can be Pd(PPh3), polymer-bound Pd(PPh3),
Pd(dppe) (wherein dippe=1,2-bis(diphenylphosphino)
ethane), or bis(dibenzylideneacetone)palladium. Preferably,
the Pd(O) catalyst is Pd(PPh3). The aryl and vinyl halides

--

25

O

CH3(CH2)7
R

35

r

it is meant that there is a Sufficient amount present to effect
the reaction in a reasonable length of time, i.e., less than
about 5 days. Typically, this is an amount of about 1-10
mole-%, and preferably about 1-5 mole-%, based on the
amount of organozinc reagent present. The organozinc
reagent and the reagent with which it couples are present in
an equimolar ratio, i.e., about 1 mole to 1 mole. The reaction
results in excellent yields producing highly functionalized
Symmetrical and unsymmetrical biaryls and Symmetrical
and unsymmetrical butadienes in greater than about 50%
yields, and often in greater than about 70% yields. Example
9 and Table VIII presents some specific examples of these
reactions.

Intramolecular Reactions. Using Highly Reactive
Zinc
40

45

r
O

NC(CH2)4

sR

r

50
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The 1,4-conjugate addition chemistry to C.B-unsaturated
ketones, aldehydes, esters, and amides represents an
extremely important chemical transformation used in the
Synthesis of drugs, agrochemicals, monomers for polymers,
and a wide range of Specialty chemicals. This chemistry is
primarily limited to intermolecular processes because the
chemical transformations necessary to generate the nucleo
phile would destroy the C.f3-unsaturated portion of the
molecule. However, the present invention completely alters
this picture because the highly reactive Zinc of the invention
will undergo a variety of reactions with highly functional
ized organic compounds. For example, the highly reactive
Zinc undergoes oxidative addition to carbon-halogen bonds

Such as alkyl iodides, bromides, and chlorides (preferably
wherein the alkyl is a C-C alkyl group), aryl iodides,
bromides, and chlorides (preferably wherein the aryl is a
Co-Coo aryl group), and Vinyl iodides, bromides, and
chlorides (preferably wherein the vinyl is a C-Coo vinyl
group with 1-150 double bonds) in the presence of C. B

unsaturated ketones, aldehydes, esters, and amides. The
resulting organozinc reagents can be transmetallated with a

Cu(I) salt, e.g., CuCN.2LiX (X=I, Br, Cl, F), to yield an

Reactions of Organozinc Reagent with Aryl or
Vinyl Halides
Organozinc compounds can be readily cross-coupled with
aryl, vinyl, and heterocyclic halides, preferably Co-Coo aryl

65

organozinc cuprate reagent which will undergo conjugate
addition intramolecularly. Three generic examples are given
below, wherein R=alkyl, aryl, vinyl, -OR, and -NR.
These reactions may also require the presence of activating
agents such as BF etherate and/or TMSC1, as discussed
above for C.B-unsaturated Systems.

5,964,919
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O

O

O-ZnX

N

|

r

C

CCNo.2LX

Zn

He-

He

X-Zn

r

CH

CH2

O

(CH2)
N

O-Zn-X
1O
R

(CH2)

(1) Zn

C

O

O

COR
He-

COR

(CH2)n
CH3

O

O-Zn-X

R (1)
Zn
He
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().

(CH2), CH2
X

If the double bond is part of a ring system or if the alkyl
chain containing the organic halide is part of a ring System,
bicyclic and/or Spiro ring Systems will be possible. It should
also be noted that other functional groupS Such as esters,
ketones, nitrites, epoxides, amides, and carbamates may be
present in the molecule and not be affected by these trans
formations. This chemistry is of particular value to the
Synthesis of drugs, agrochemicals and Specialty chemicals. It
represents a totally new class of chemical reactions.
Other typical reactions can be carried out intramolecularly
with the Zerovalent highly reactive Zinc of the present
invention. These include, the Reformatsky Reaction,
Simmons-Smith Reaction, and the Blaise Reaction. A typi
cal example of an intramolecular Reformatsky Reaction
using a chloroacetate with the highly reactive Zinc of the

Thus the highly reactive Zinc of the present invention, i.e.,
the Zerovalent highly reactive Zinc species prepared by

contacting a Zn(II) salt with an alkali metal reducing agent

R

(2) CuCN2LiX
CH

| Br

R

(2) CuCN2LiX

CH-X

Br

21

(CH2)

X-CH,

O
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to form a Zerovalent highly reactive Zinc species, can be
used to form cyclic organic compounds. This method
involves the Steps of adding an organic compound with a
reactive electrophilic group and a stable leaving group to the
Zerovalent highly reactive Zinc species to produce an orga
noZinc reagent containing a reactive electrophilic group, and
coupling the carbon of the organozinc reagent to which the
Zinc is attached with the reactive electrophilic group to form
an intramolecularly cyclized product. Although this cou
pling Step may occur simply upon the addition of the highly

reactive Zinc species, a Cu(I) salt may be added as in the

preparation of an organo-cuprate reagent and/or an effective
amount of a catalyst may also be added to effect the

cyclization. This catalyst may be any Pd(O) catalyst dis
35

40

present invention and optional Cu(I) and/or Pd(O) catalysts,
is as follows:

cussed herein for other reactions. The organic compound
with the reactive electrophilic group and the stable leaving
group includes any of the Stable anionic leaving groups
listed above in the discussion of the organozinc reagents,
preferably it is a halide, and more preferably a chloride,
bromide, or iodide. For certain intramolecularly cyclized
reactions, the end of the molecule with a stable leaving
group may include a Second electrophilic group, Such as an
C-halo ester as in the intramolecular Reformatsky and Blaise
reactions. Alternatively, the end of the molecule with a stable
leaving group may include a carbon atom to which two
Stable leaving groups are attached, Such as the dihalo
Substituted carbon in the Simmons-Smith Reaction. The

O

O

C-H COR

HO

45

H
COR

Of Cl Ha
50

A typical example of an intramolecular Simmons-Smith
Reaction with the highly reactive Zinc of the present inven

tion and optional Cu(I) and/or Pd(O) catalysts, is as follows:

o)- or
Examples of intramolecular Blaise Reactions with the highly

reactive Zinc of the present invention and optional Cu(I)
and/or Pd(O) catalysts, are as follows:

55
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reactive electrophilic group of the organic compound can be
any of the groups discussed herein that react with organozinc
reagents to form a coupled product. Preferably, the reactive
electrophilic group is an O.f3-unsaturated Species, a carbonyl
group, a nitrile, and an olefin.
Preparation of Polymers from Highly Reactive Zinc
The ability to prepare highly functional organozinc
reagents in quantitative yield provides an entry into a wide
Spectrum of novel polymers and polymeric materials. The
preparation of polymers from functionalized monomers
allows for the preparation of novel conducting polymers,
water Soluble polymers, and a wide spectrum of polymers
with novel properties. For example, water Soluble polymers
have important biological uses, Such as drug delivery
Systems, and industrial uses, Such as in ion permeable
membranes for the construction of organic batteries. These
materials are also useful for the design of Soluble catalysts
which are of particular interest to industry to allow many
transformations to be carried out in water rather than hydro
carbon Solvents.

The polymers can be prepared from monozinc or dizinc
aryl derivatives, Such as

5,964,919
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30
wide spectrum of functionalized alkyl, Vinyl, aryl, and
heterocyclic polymers are possible from this chemistry.
The Zerovalent highly reactive Zinc species of the present
invention can be used in the formation of polymers by
combining the Zerovalent highly reactive Zinc Species with
an organic compound with at least two stable, preferably
anionic, leaving groups to form a dizinc derivative of an
organozinc reagent, wherein the organic radical of the dizinc
derivative of the organozinc reagent includes an aliphatic,

F

x--O- and
F

X- z-O- Zn-X
respectively, wherein X can be any stable, preferably
anionic, leaving group listed in the discussion of organozinc
reagents, preferably Cl, Br, I, triflate, tosylate, broSylate,
-SCHs, and -OCHs. The functional group “F” can be
H, CN, ester, amide, carbamate, epoxide, fluoride, chloride,
Sulfonic ester, Sulfonamide, ketone, alkyl, aryl, Vinyl, and a
heterocyclic Structure. In addition to aryl groups, the organic

heterocyclic, aryl, or arylalkyl group. A Cu(I) salt can be

15

radical of the monozinc and dizinc derivatives can be an

aliphatic group, including alkyl or Vinyl groups, an arylalkyl
group, or a heterocylic group. Preferably, they are aryl,
arylalkyl, and heterocyclic groups. More preferably, they are
Cs-Coo aryl, C-Coo arylalkyl, and C-Coo heterocyclic
groups containing one or more hetero atoms. Accordingly, a

X- Zn

Zn-X

added to form a dizinc derivative of an organozinc cuprate
reagent, in a manner analogous to that described in the
discussion of the organozinc cuprate reagents. An organic
electrophilic compound with at least two stable, preferably
anionic, leaving groups, Such as an acid halide, is then added
to the organozinc cuprate reagent to form a polymer. The
organic radical of the organic electrophile is preferably any
aliphatic, aryl, heterocyclic, arylalkyl, or polymer organic
radical.

Examples of new polymers and the reaction Schemes by
which they can be prepared from dizinc aryl derivatives are
as follows:

Cu(CN)-2Li Br
He

X(CN)ZnCu -O- CuZn(CN)X

(A)
O

O

O

(B)
O

C-(CH2)- -O- C-(CH2) - C

(-O-O.)
O

O

(A) ClC(CH2)CCI
O

(B)

CIC-O-

O

|

5,964,919
31

32
-continued

CN

CN

X- Zn

CN

Zn-X
CN

Cu(CN) 2Li Br

- -->

CN

X(CN)ZnCu
(A)

CN
O

CN

O

O

C-(CH2) - C

CuZn(CN)X
CN

CN

CN

CN

CN

CN

O

C-(CH2) - C
CN

CN

CN

CN

O

O

C

C

CN
O

CN

CN

CN

CN

CN

CN

O

(A) CIC(CH2)CCI
O

(B)

CC

O

()

CC

The monozinc aryl derivatives form polymers of the

formula:

O. O.
in the presence of an effective amount of a Pd(O) catalyst or
a Ni(II) catalyst. By an “effective amount” of a Pd(O)
catalyst or Ni(II) catalyst, it is meant that there is a Sufficient

amount present to effect the reaction in less than about 5
days. Typically, this is an amount of about 1-10 mole-%, and
preferably about 1-5 mole-%, based on the amount of
organozinc reagent present.

The Pd(O) catalyst is preferably selected from a group
consisting of a PdL, PdL.L., PdLL's or Pd(L-L) cata
lyst wherein L and L are Selected from the group consisting
of PF, PPh, P(OR) (wherein R=any aliphatic, aryl, or
vinyl group), ASPh, CO, CN, PEtPh, PEtPh, P(4MeCH), SbPh, CNR (wherein R=any aliphatic, aryl, or
vinyl group), and R-C=C-R (wherein R=any aliphatic,
aryl, or vinyl group), and wherein L-L is selected from the
group consisting of cyclooctadiene, 1,2-bis
(diphenylphosphino) ethane, 1,3-bis(diphenylphosphino)
propane, and (2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis
(methylene) diphenylphosphine. For example, the Pd(O)
catalyst can be Pd(PPh3), polymer-bound Pd(PPh3),
Pd(PF), Pd(PEtPh), Pd(PEtPh), PdLP(OR) (wherein
R is any aliphatic, aryl, or vinyl group), Pd(P(4-MeCH),
Pd(ASPh), Pd(SbPh), Pd(CO), Pd(CN), Pd(CNR)

40

45

(wherein R is any aliphatic, aryl, or vinyl group), Pd(RC=C-R) (wherein R is any aliphatic, aryl, or vinyl group),
Pd(PF), Pd(dppe) where in dippe = 1,2-bis
(diphenylphosphino)ethane, Pd(cod) wherein cod=
cyclooctadiene, Pd(dppp) where in dippp=1,3-bis
(diphenylphosphino)propane, bis(2,2-dimethyl-1,3dioxolane-4,5-diyl)bis(methylene) diphenylphosphine
palladium, and bis(dibenzylideneacetone) palladium. More
preferably, the Pd(O) catalyst is selected from the group
consisting of Pd(PPh), polymer-bound Pd(PPh),
Pd(dppe), Pd bis(dibenzylideneacetone). Most preferably,
the Pd(O) catalyst is Pd(PPh).

50
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The Ni(II) catalyst is preferably selected from the group
consisting of Ni(PR3)2X2 where in R=C-Coo alkyl,
C-C aryl and X=F, Cl, Br, I; NiLX wherein L=1,2-bis
(diphenylphosphino)ethane, 1,3-bis(diphenylphosphino)
propane, 2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis
(methylene) diphenylphosphine, and X=F, Cl, Br, I;

Ni(CN); NiO; Ni(CN); NiCls"; NiCl; NiF; Ni Br;

60

NiI2; NiAS; Ni(dmph) whereindmph=dimethylglyoximate,
BaNiS; NiX(QAS) wherein X=F, Cl, Br, I and QAS=As
(o-CHAsPh); NiP(CH2CHCHASMe)CN"; Ni

(NCS); KNiX wherein X=F, Cl, Br, I; Ni(NH)";
Ni(bipy)" wherein bipy=bipyridene.
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This approach also is effective in forming polymeric
Species with heterocyclic Systems. Such as the following:

5,964,919
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Br

S

Zn-Br

Br

S

Zn-Br

Zn-Br

o Zn-Br

Br

CH
S

Zn-Br

15
Br

head-head

S

head-tail

Polythiophene and polyphenylene have received exten
Sive attention in recent years due to their nonlinear optical
properties, electro-conductivity and many other valuable
properties. There are many Synthesis methods for poly
thiophene and polyphenylene. Three of the conventional

tail-tail

Thus, conventional polymers are not completely regio

regular (formerly referred to as regiospecific and
Stereospecific), i.e., with all head-head, head-tail, or tail-tail
orientations. Nor are conventional polymers completely
regiorandom, i.e., with an equal amount of each orientation

25

methods are: 1) electro-polymerization; 2) dehydro
coupling polymerization of thiophene or benzene catalyzed

(25% head-tail & head-tail, 25% head-tail & head-head,
25% tail-tail & head-tail, 25% tail-tail & head-head).
H

R

H

R

by Lewis Acids (such as FeCls and AlCl); and 3) dehalo

genating polymerization of dihalothiophene or dihaloben
Zene using catalysts. Almost all methods are one pot reac
tions without exactly knowing the reaction intermediates.
The electropolymerization and dehydro-coupling polymer

ization give products containing mislinkage (C-B coupling)
in the polymer chain. None of the products from these
conventional methods are pure with respect to
regiospecificity, however. Furthermore, they are all

/ \ -SS M \
1 \ / Ns
HT-HT

(Head-Tail and Head-Tail)
35

/ \ -SS / \
1 \ / Ns

insoluble and difficult to characterize.

HT-HH

40

R

W \ s1 \ /
C-C linkage

(Head-Tail and Head-Head)

R

R

/ \ -SS M \
1 \ / Ns

45

TT-HT

R
R

(Tail-Tail and Head-Tail)
R

50

/ \ -SS M \
1 \ / Ns

f-f and C-flinkage

TT-HH
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R

(Tail-Tail and Head-Head)

More and more research is concentrated on the chain

Specificity of polythiophene and polyphenylene because the
chain Structure has much to do with the electro-conductivity
of the polymer. The conventional dehalogenating polymer
ization of 3-alkyldihalothiophene gives products with highly
regiospecific polymer chains with respect to the coupling or
linkage, e.g., C.-O. coupling; however, the polymer chain is
Still a random chain with respect to the positions of the alkyl
groups on the thiophene rings. That is, although these
conventional polymers have all C-C couplings, they have a
mixture of head-head, head-tail, and tail-tail orientations.

60
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The Zerovalent highly reactive Zinc species of the present
invention can be used to form highly regioregular and
regiorandom polymers. Whether a regiorandom polymer or
a regioregular polymer is formed from the organozinc inter
mediates depends on the polymerization catalyst used. For
example, the highly reactive Zinc can be used to form a
regioregular head-to-tail poly-3-hexyl-thiophene in the pres

ence of a Ni(II) catalst, whereas a regiorandom poly-3hexyl-thiophene results if a Pd(O) catalyst is used.

In the polymerization process, the highly reactive Zinc of
the present invention is used in a highly regioSelective

5,964,919
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manner in the preparation of Zinc derivatives of
dihalothiophene, dihalopyridine, dihalobenzene, dihalo-3-

2,5-dibromothiophene the resulting polymer has 100% head
to tail orientation throughout the polymer, for example.
Whereas, for Substituted dihalo-ring Systems, Such as
3-methyl-2,5-dibrom othiophene and 3-hexyl-2,5-

Substituted thiophene (wherein the thiophene moiety can be

Substituted with a methyl, hexyl, phenyl, or other alkyl or
aryl group, or with a carboxylic acid group, a halogen, nitrile

dibromothiophene, the use of a Pd(O) catalyst in the poly
merization reaction results in a highly regiorandom poly
merization. By this it is meant that a completely random
orientation of the substituted thiophene unit is obtained. Of
the four possible combinations referred to above, each is
present in the polymer to the extent of about 25%.
The yields of the polymers are greater than about 80% and

group, or other functional group), and the like. By combin

ing the Zerovalent highly reactive Zinc species of the present
invention, with an organic compound with at least two
Stable, preferably anionic, leaving groups, a monozinc
derivative of an organozinc reagent can be formed, wherein
the organic radical includes an aliphatic, heterocyclic, aryl,
or arylalkyl group. These organozinc intermediates undergo
Smooth polymerization in the presence of an effective

often quantitative. For example, 100% poly-(2,5-thiophene)
and poly-(3-alkyl-2,5-thiophene) can be formed by the

amount of a Pd(O) catalyst or a Ni(II) catalyst. Preferably,

this polymerization is conducted at temperatures of about
-100° C. to about 150 C., preferably at temperatures of
about -20° C. to about 100° C. The polymerization can be
carried out in the Same Solvent as was the preparation of the
organozinc reagent.
For example, 2,5-dibromothiophene reacts with a slight

15

molar excess (approximately 10% excess, in THF, under
argon, at room temperature, for 1–2 hours) of the highly
reactive zinc of the present invention to form a 100%
regioSelective 2-bromo-5-bromozincthiophene. AS another
example, 1,4-diiodobenzene reacts with a slight molar

above invention and should not be construed as to narrow its
25

excess (approximately 5% excess, in THF, under argon, at
room temperature, for 2–3 hours) of the highly reactive Zinc

of the present invention to form a 96% regioselective
1-iodo-4-iodozincbenzene. Also, 1.1 equivalent of the Zinc
reacts with 1.0 equivalent of 3-methyl-2,5-dibromothio
phene under Similar reaction conditions to yield 80% regi

example, takes place in the presence of either a Pd(O)
catalyst or a Ni(II) catalyst. These polymers are preferably
formed in a highly regioSelective manner. For unsubstituted
dihalo-ring Systems, Such as 2,5-dibromothiophene and 1,4diiodobenzene, either catalyst will produce a regioSelective
polymerization. By this it is meant that the bonds between
the monomeric units are at the carbons to which the halogens
were bonded. For example, 2-bromo-5-bromozinc
thiophene polymerizes in the presence of a catalytic amount

of Pd(PPh) (approximately 0.2 mole-%, in refluxing THF,
for 2–4 hours) to form poly-2,5-thiophene in 100% yield. As

Melting points are uncorrected. H NMR (CDC1) spectra
35

40

Reactions were carried out on a dual manifold vacuum/
45

50

column (BASF R3-11) and then through a column of phos

phorous pentoxide, followed by a column of granular potas
sium hydroxide. The handling of air-sensitive materials was
performed, whenever possible, under argon in a Vacuum
Atmospheres Company drybox. Chemical reagents were
primarily purchased from commercial Sources and were
used as received. Anhydrous ZnCl2, ZnBr, and Zn were
purchased either from Cerac, Inc., Milwaukee, Wis., or
Aldrich Chemical Co., Inc., Milwaukee, Wis. They were

typically stored in the drybox and used as received. Zn(CN)

55

another example, 1-iodo-4-iodozincbenzene polymerizes in

60

use of a Ni(II) catalyst in the polymerization reaction results
in a highly regioregular polymerization. By “highly regio
regular polymer chains it is meant that greater than about
80%, preferably greater than about 90%, and more prefer
ably greater than about 98%, of the monomers are oriented
in the polymer chains in a regioregular manner. For 3-hexyl

were recorded on a 200-MHz or a 360-MHz NMR spec
trometer. C NMR spectra were recorded on a 50 MHz
Spectrometer. Analytical gas chromatography analysis was
done using Stainless Steel columns or using a “megabore’
glass capillary column. Stainless Steel columns (/s"
diameter) were typically packed with Silicon OV-17 (3%) on
Chromosorb TM W-AW (100/120 mesh) with column lengths
varying from 10 to 15 feet.
argon System. The Linde" prepurified grade argon was
further purified by passing it through a 150° C. catalyst

the presence of a catalytic amount of Pd(PPh3)
(approximately 0.3 mole-%, in refluxing THF, for 4 hours)
to form regioselective polyparaphenylene in 100% yield.
For Substituted dihalo-ring Systems, Such as 3-methyl-2,
5-dibromothiophene and 3-hexyl-2,5-dibromothiophene, the

Scope. One skilled in the art will readily recognize that these
Examples Suggest many other ways in which the present
invention could be practiced. It should be understood that
many variations and modifications may be made while
remaining within the Scope of the invention.
EXPERIMENTAL EXAMPLES

oselective 3-methyl-2-bromo-5-bromozincthiophene (20%
3-methyl-2-bromozinc-5-bromothiophene). The products of
these reactions did not include Significant amounts of unre
acted Starting material, i.e., products containing no Zinc
halide Substituents, or disubstituted products, i.e., products
containing two Zinc halide Substituents. Thus, the reactions
occurred in a highly regioSelective manner, with greater than
about 75% regioselectivity. Furthermore, 2,5dibromopyridine reacts regioSelectively with the highly
reactive Zinc species of the present invention to form
2-bromo-5-bromozincpyridine exclusively.
The polymerization of intermediates Such as these to
polyphenylenes, polythiophenes, and polypyridines, for

method of the present invention. Similar results with respect
to yields and regiochemistry can be obtained for other ring
Systems as well, Such as nitrogen-containing heterocycles.
The polymers of the present invention have a regular struc
ture and other appropriate properties. This technology can
also provide novel block polymers. Furthermore, this tech
nology can be used to prepare highly regioSelective Soluble
polythiophenes and polyphenylenes, i.e., polymers with
hydrophilic groups, Such as a carboxylic acid esters.
The following Examples are intended to illustrate the
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was purchased from Aldrich Chemical Co., Inc., Milwaukee,
Wis. It was dried by heating at 250 C. under vacuum for 24
hours and stored in a drybox. THF and DME were freshly
distilled before use from Sodium/potassium alloy under a
purified argon atmosphere.
EXAMPLE 1.

Preparation of Highly Reactive Zinc
Method A: One-Step Method From ZnCl
A 50 mL, two-necked, round-bottomed flask was charged

with lithium (0.35 g, 0.0504 mol), Zinc chloride (3.27 g,
0.0240 mol), naphthalene (0.65 g, 0.00507 mol), and 1,2-

5,964,919
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dimethoxyethane (16.0 mL, 0.154 mol). The mixture was

38
Freshly distilled THF (30 mL) was added to both flask A and

B via a Syringe. The mixtures were Stirred at room tempera
ture. The Solution in flask A changed from colorless to dark
green almost immediately. The lithium was consumed in
about two hours forming the preformed lithium naphthalen

Stirred at room temperature until the reduction was complete

(about 15 hours), as evidenced by the disappearance of
lithium and lack of formation of the bright green lithium
naphthalenide anion. The activated Zinc appeared as a fine
black powder which settled out of solution after about one
hour after cessation of Stirring.
Method B: Two-Step Method From Preformed LiNp and
ZnCl
Two 50-mL two-necked flasks, A and B, were equipped
with rubber Septa, condensers topped with argon inlets, and
Teflon-coated magnetic Stir bars. Flask A was charged with

freshly cut lithium (0.213 g, 30.63 mmol) and a slight excess
of naphthalene (3.987 g., 31.15 mmol). Flask B was charged
with anhydrous ZnCl2 (2.09 g, 15.57 mmol). Both of these

ide (LiNp). The preformed LiNp was then transferred drop
wise to the Zn(CN)/THF dispersion via cannula over a

15

operations were performed in an argon atmosphere drybox.
The flasks were then transferred to a manifold system and

fitted with argon inlets. Freshly distilled THF (15 mL) was

added to both flask A and B via a syringe. The mixtures were
Stirred at room temperature. The Solution in flask A changed
from colorleSS to dark green almost immediately. The
lithium was consumed in about two hours forming the

preformed lithium naphthalenide (LiNp). The ZnCl2/THF
Solution was then transferred dropwise to flask Avia cannula
over a period of 15 minutes.
Method C: Catalytic Method From ZnCl
Two 50-mL two-necked flasks A, and B, were equipped
with rubber Septa, condensers topped with argon inlets, and
Teflon-coated magnetic Stir bars. Flask A was charged with

25

freshly cut lithium (0.2126 g., 30.63 mmol) and a catalytic
amount of naphthalene (0.1994g, 1.558 mmol). Flask B was
charged with anhydrous ZnCl2 (2.09 g, 15.57 mmol). Both
of these operations were performed in an argon atmosphere
drybox. The flasks were then transferred to a manifold

system and fitted with argon inlets. Freshly distilled THF (15
mL) was added to both flask A and B via a syringe. The

mixtures were Stirred at room temperature. The Solution in
flask A changed from colorless to dark green almost
immediately, followed by a change to reddish purple. The
ZnCl/THF solution was transferred dropwise to flask A by

35

Solvent was desired.

Method D: Sonication Method From Zn(CN),
40

a cannula at a rate that allowed the color of the Solution to

remain a dark green. The lithium was consumed in about 30
minutes and highly reactive Zinc was found.

Method A: One-Step Method From Zn(CN)

45

A predried 50 mL, two-necked, round-bottomed flask was
equipped with a rubber Septum, a condenser topped with an
argon inlet, and a Teflon-coated magnetic Stir bar. It was then

charged with freshly cut lithium (0.152 g, 21.90 mmol),
Zn(CN) (1.35 g, 11.49 mmol), naphthalene (0.144g, 1.25
mmol). Freshly distilled THF (20 mL) was added. The

50
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neat, via a Syringe, to the highly reactive Zinc, prepared as

described in Example 1, Method C (15.40 mmol), at room

temperature. The reaction mixture was stirred for 3 hours at
room temperature. The Solution was then allowed to Stand

Therefore, as little as 2-5 mole-% of naphthalene can be

used as an electron carrier.

for about 3 hours to allow the excess Zinc to settle from the

Method B: Two-Step Method From Preformed LiNp and
60

Two 50-mL two-necked flaskSA, and B, were equippic

formed in an argon atmosphere drybox. The flasks were then
transferred to a manifold System and fitted with argon inlets.

Preparation of Organozinc Halides
Preparation Using Highly Reactive Zinc Prepared
From ZnCl

Ethyl 4-iodobenzoate (1.934 g, 7.00 mmol) was added

this method is faster than the rate of Zn(CN) dissolution.

stir bars. Flask A was charged with freshly cut lithium (0.152
g, 21.9 mmol) and a slight excess of naphthalene (2.82 g,
22.0 mmol). Flask B was charged with anhydrous Zn(CN)
(1.35 g, 11.49 mmol). Both of these operations were per

with finely divided lithium (0.152g, 21.90 mmol), Zn(CN)
(1.36 g, 11.50 mmol) and freshly distilled THF (20 ml). The
mixture was Sonicated until the lithium was consumed (one
to six hours). An electron carrier Such as naphthalene (2-5
mole %) can be added to facilitate electron transfer but is not
EXAMPLE 2

plete (about 5 hours). The activated Zinc appeared as a fine

Zn(CN)

A50 ml, two-necked, round-bottomed flask was equipped
with a rubber Septum, a condenser topped with an argon
inlet, and a teflon-coated magnetic Stir bar. It was charged

generally needed.

mixture was stirred at room temperature until the green color
disappeared, which evidenced that the reduction was com

black powder. The formation of lithium naphthalenide by

period of 30 minutes.
Using any of the three methods for making Zinc from any
of the Zinc Salts, there are certain practical considerations
that should be taken into account when choosing THF or
DME as the Solvent of choice. For instance, DME is
preferred when higher reaction temperatures are desired.
However, the formation of lithium naphthalenide is much
more facile in THF than in DME. With respect to the
procedure labelled “Method B” above, use of DME requires
at least 2 hours longer for the lithium to be entirely con
Sumed in the first Step of preparing lithium naphthalenide
than does THF. Furthermore, ZnCl2 is more soluble in THF.
This allows for more convenient transfer of the ZnCl
Solution when necessary.
Using either Methods B or C above, the appearance of the
highly reactive Zinc formed depended on the amount of Zinc
halide used and on the Speed of the addition. A slow
addition, about three Seconds per drop, resulted in an.
extremely fine black slurry of active zinc. This slurry took
Several hours to Settle and was easily transferred by a
cannula. With faster addition, about one Second or leSS per
drop, the active Zinc formed was Sponge shaped. The activi
ties of the highly reactive Zinc prepared from ZnCl, ZnBr,
or Zn were Similar.
The highly reactive Zinc was typically used in the medium
in which it was prepared. If desired, however, it can be
washed several times with fresh solvent. This was typically
done in Situations in which naphthalene was perceived as
presenting a problem with product isolation or if a different

dark brown organozinc iodide Solution. The preparation of
organozinc compounds from various organic halides and the
highly reactive Zinc prepared as described in Example 1,
Method C is Summarized in Table IA below.

Preparation Using Highly Reactive Zinc Prepared
65

From Zn(CN)
Preweighed p-bromotoluene (0.92g, 5.38 mmol) was
added neat via a Syringe to the highly reactive Zinc, prepared

5,964,919
39
as described in Example 1, Method A or B (10.95 mmol).

40
7–9 in Table IA and Entries 10–12 in Table II below). No

Scrambling of positions was observed.
There was no apparent direct oxidative addition of the
highly reactive Zinc of the present invention to alkyl or aryl
chlorides using the Zerovalent Zinc prepared from Zinc
halides. However, in the presence of KI under refluxing
conditions, alkylzinc species were formed from alkyl chlo
rides and the Zerovalent Zinc prepared from Zinc halides

The reaction mixture was stirred at room temperature and
monitored by GC. After 12 hours, the reaction was com
pleted. The preparation of organozinc compounds from
various organic halides and the highly reactive Zinc prepared
as described in Example 1, Methods A and B, are Summa
rized in Table IB below.
TABLE IA

(Entry 10 in Table IA). Although not intending to be

Preparation of Organozinc Compounds Using
Highly Reactive Zinc Prepared From ZnCl2

limiting, this reaction presumably involves halogen
eXchange prior to organozinc formation. The use of Zerova
lent Zinc prepared from Zinc cyanide Salts reacts with alkyl
or aryl chlorides in the absence of initiatorS Such as KI

Temp, Time

RX + Zin

Her

THF

15

Zinc prepared from Zinc cyanide Salts, its oxidative addition
to p-bromotoluene was compared to that of Zerovalent Zinc

-Y-

Zn:RX

Temp

Time

Yield

No. Organic Halides

(Ratio)

( C.)

(hours)

(%)

1
2
3
4
5
6
7
8
9
10
11
12

1.2:1
1.2:1
1:1
2:1
2:1
3:1
2:1
2:1
3:1
3:1
2:1
2:1

23
23
23
23
Reflux
Reflux
Reflux
Reflux
Reflux
Reflux
23° C.
Reflux

4
6
3
3
3
3
2
2
4
4
12
1.

1OO
1OO
1OO
1OO
90
1OO
1OO
1OO
1OO
1OOb
31
42

Br(CH2)Cl
Br(CH),CH,
Br(CH),CO.Et
p-ICHCI
p-BrCHCN
p-BrCHCN
p-BrCHCOEt
o-BrCHCOEt
m-BrCHCOEt
Cl(CH),CO.Et
p-BrCHCH
p-BrCHCH

prepared from Zinc halide Salts (compare Entries 11 and 12
in Table IA with Entries 1-3 and 6 in Table IB).
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Functionalized organozinc compounds can now be
readily prepared from organic halides containing esters,
nitriles, acetyls, ketones, carbamates, and other halides. The
organozinc reagents are Soluble in ethereal, polyethereal,
and hydrocarbon Solvents, light to dark brown in color, and
Stable under an argon or nitrogen atmosphere. The exceSS
Zinc can be easily Separated from the organozinc species by
allowing the zinc to settle out of solution for 1-3 hours and
then transferring the clear organozinc Solution via a cannula
to another flask for further reaction.

"The percent yield was determined by gas chromatography (GC) after
hydrolysis with dilute HCl solution.

In the presence of 2 equivalents of KI.

EXAMPLE 3
35

TABLE IB

The Copper-Mediated Coupling of Organozinc
Halides with Acid Chlorides

Preparation of Organozinc Compounds Using
Highly Reactive Zinc Prepared From Zn(CN)2

No. Organic Halides

(compare Entry 10 in Table IA with Entries 4 and 5 in Table
IB). As an example of the higher reactivity of the Zerovalent

Zn:RX Temp
(Ratio) (C.)

The organozinc iodide Solution of the reaction mixture

Time Yield
(hours) (%)

1
2

p-BrCHCH
p-BrCHCH

2:1
2:1

23° C.
23° C.

12
12

1OO
1OOb

3
4

p-BrCHCH
Cl(CH),CN

2:1
2:1

Reflux
Reflux

12
1.

1OO
1OO

5
6

Cl(CH),CO.Et
5-BrCH-1,2,4-(CH),

2:1
2:1

Reflux
Reflux

1.
6

1OO
1OO

"The percent yield was determined by gas chromatography (GC) after
hydrolysis with dilute HCl solution.
Highly reactive zinc was prepared as described in Example 1, Method E. For
all other examples, the highly reactive zinc was prepared as described in
Example 1, Method D.
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Species was monitored by GC and was based on the reduced
product peak after hydrolysis with dilute HCl solution. The
highly reactive Zinc reacted with aryl iodides or bromides

45

solution prepared by mixing CuCN (0.651 g, 7.27 mmol)
and anhydrous LiBr (1.273 g, 14.66 mmol) in THF (10 mL)
was added to the organozinc iodide solution at -20°C. The
reaction mixture was gradually warmed to 0 C. and stirred
at 0° C. for about 15 minutes. The solution was then cooled

to -25 C. Valeryl chloride (0.851 g, 7.02 mmol) was added
50

neat to this Solution via a Syringe. The mixture was then

poured into a Saturated aqueous NHCl Solution (20 mL) and
extracted with diethyl ether (3x20 mL). The combined

organic layers were dried over anhydrous CaCl. The result
ant crude product was chromatographed on flash Silica gel
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using gradient elution (hexanes to remove naphthalene first,
then hexanes/ethyl acetate) to give Ethyl 4-(1-oxo-pentyl)
benzoate (Entry 8 in Table II, 1.360 g, 5.812 mmol) as a
white crystalline solid in 83% isolated yield: mp 47.5-48.0

C.; H NMR (360 MHz) & 7.97–8.20 (m, 4H), 4.38 (q, J=7.1

60

(Entries 4-5 in Table IA) in a 2:1 molar ratio attemperatures

ranging from room temperature to refluxing THF tempera
tures in 2–3 hours to give the corresponding organozinc
derivatives in 90–100% yield. By increasing the mole ratio

of Zn:RX, 100% of RX can be converted to RZnX (Entry 6
in Table IA). The ortho, meta, and para functionalized aryl
halides reacted with Zinc to give the corresponding ortho,
meta, and para Substituted organozinc compounds (Entries

transferred carefully via a cannula to another two-necked
flask under an argon or nitrogen atmosphere leaving the
excess Zinc behind. This solution was cooled to -20° C. A

The highly reactive Zinc was allowed to react with alkyl

bromides (Entries 1-3 in Table IA) in a 1-1.2 to 1 molar
ratio (Zn:RX) at room temperature for 3-6 hours to give the
corresponding organozinc derivatives in 100% GC (gas
chromatographic) yields. The formation of the organozinc

from Example 2 (using Zerovalent Zinc from ZnCl2) was

Hz, 2H), 3.00 (t, J=7.3 Hz, 2H), 1.66-1.77 (m, 2H), 1.42 (t,
J=7.1 Hz, 3H), 1.37–1.48 (m, 2H), 0.96 (t, J=7.2 Hz, 3H);
'C NMR & 199.7, 165.6, 140.1, 133.9, 129.6, 127.7, 61.2,
38.5, 26.1, 22.3, 14.1, 13.8; IR (CCI) v3040, 2960, 1724,

1694, 1503 cm. Anal. calcd. for CHOs: C, 71.77; H,
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7.74. Found C, 71.94; H, 7.80.

Table II Summarizes the reactions of organozinc halides
with various acid chlorides.

5,964,919
TABLE II

Reactions of Organozinc Halides Mediated by Copper with Acid Chlorides

RX + Zn - (RZnx CCN2B - (RCu(CN)Znx RSOS
No.

RCORy

RX

RCOC

Zn:RX:RCOCI

RCOR

Yield

1
2
3

Br(CH),CH,
Br(CH2)CN
Br(CH2)Cl

PhCOC
PhCOC
PhCOC

1.5:1.0:0.9
1.1:1.0:0.8
1.0:1.0:1.0

4

BrCHCHPh

PhCOC

5
6

Br(CH2)CO.Et
Br(CH2)CO.Et

CH(CH2)COC
PhCOC

6'
7
8
9

Cl(CH),CO.Et
p-BrCH Me
p-ICHCOEt
p-ICHCI

PhCOC
CH(CH),COC
CH(CH2)COC
CH(CH2)COC

3.0:1.0:0.9
3.5:1.0:0.9
2.0:1.0:1.0
1.5:1.0:1.0

PhCO(CH2)CO.Et
CH(CH2)COCH-p-Me
CH(CH2)COCH-p-COEt
CH(CH2)COCH-p-Cl

10
11

p-ICHCOEt
m-BrCHCOEt

PhCOC
PhCOC

2.0:1.0:1.0
4.0:1.0:0.9

PhCOCH-p-(COEt)
PhCOCH-m-(COEt)

PhCO(CH),CH,
PhCO(CH2)CN
PhCO(CH2)Cl

92
94
85

12:10:0.9

PhCOCHCHPh

97

1.0:1.0:0.9
1.0:1.0:0.9

CH(CH),CO(CH),CO.Et
PhCO(CH2)CO.Et

91
95
91
86
83
90
88
83

12

o-BrCHCOEt

PhCOC

2.0:1.0:0.9

PhCOCH-O-COEt

92

13
14

O-BrCHCOEt
p-BrCHCN

CH(CH2)COC
CH(CH2)COC

2.0:1.0:0.9
2.5:1.0:1.0

CH(CH2)COCH-O-COEt
CH(CH2)COCH-p-CN

94
71

15
16

p-BrCHCN
o-BrCHCN

PhCOC
PhCOC

3.0:1.0:0.9
3.0:1.0:0.9

PhCOCH-p-CN
PhCOCH-O-CN

73
98

17
18

o-BrCHCN
p-BrCHCOCH

CH(CH2)COC
CH(CH2)COC

3.0:1.0:0.9
2.0:1.0:0.9

CH(CH),COCH-O-CN
CH(CH2)COCH-p-(COCH)

97
8O

Br CH3(CH2)3COC

3.0:1.O.O.9

O

82

19

N

CH3(CH2)3

21

2O

PhCHCI

PhCOC

1.5:1.O.O.9

PhCOCHPh

81

21
22

Br(CH), Br
p-ICH I

PhCOC
CHCOCI

3.0:1.0:2.0
3.0:1.0:2.0

PhCO(CH),COPh
CHCOCH-p-(COCH.)

78
76

Mole ratio.

Isolated yield (%).

Organozinc iodides can be converted into the correspond

ing copper derivatives RCU(CN)ZnI by adding the soluble

salt CuCN.2LiCl. This organometallic species reacts with
various electrophiles to give the corresponding croSS
coupled products in high yields. The present invention
provides a very efficient way to prepare highly functional
ized dialkyl ketones, diaryl ketones, mixed alkyl aryl
ketones and vinyl ketones. In the cross-coupling reactions
with acid chlorides, exceSS Zinc is typically removed from
the organozinc Solution So it won’t react with the acid
chlorides, resulting in homocoupling of acid chlorides.
Using the method of the present invention, organozinc
reagents couple with acid chlorides very rapidly to give the
cross-coupled products in good to excellent yields. For
example, O-cyanophenyl Zinc bromide reacts with acid chlo
rides to give quantitative yields of coupling products

(Entries 16 and 17 in Table II). The reaction of trans-styrene

B-zinc bromide with acid chloride to yield vinyl ketones
provided an important route to Synthesize vinyl ketones

40

45

50
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4.13 (q, J=7.2 Hz, 2H), 2.48 (t, J=7.2 Hz, 2H), 2.25-2.55 (m,
6H), 1.85–1.93 (m, 2H), 1.51–1.59 (m, 2H), 1.25–1.40 (m,
60

was prepared from Zn(CN) in a reaction with benzoyl
chloride (0.69 g, 4.91 mmol), an 88% yield of
4-methylbenzoylphenone was obtained.
Other compounds prepared by the above method are:

1-phenyl-1-nonanone (Entry 1), 7-chloro-1-phenyl-1-

H NMR (360 MHz) & 741-7.90 (m,5H), 2.96 (t, J=7.2 Hz,
1.35–1.52 (m, 4H); C NMR & 1998, 136.8, 132.7, 1284,
127.7, 119.5, 38.0, 28.2, 28.1, 24.9, 23.6, 16.8; IR (CCL) v
3061, 2938, 224.5, 1690, 1598 cm.
Ethyl 5-Oxononanoate: (Entry 5) "H NMR (200 MHz) &

2H), 2.32 (t, J=7.1 Hz, 2H), 1.73 (m, 2H), 1.64 (m, 2H),

(Entry 19 in Table II). Diorganozinc bromides and iodides
can also be prepared and react with acid chlorides to give
diketones in good yield (Entries 21 and 22 in Table II).
Significantly, this approach yields highly functionalized
ketones not typically attainable by Standard methods. Using
the organozinc reagents in which the highly reactive Zinc

heptanone (Entry 3); 1,3-diphenyl-1-propanone (Entry 4);
ethyl 5-oxo-5-phenylpentanoate (Entry 6); 1
(p-methylphenyl)-1-pentanone (Entry 7); ethyl O-(1oxopentyl)benzoate (Entry 8), 1-(p-chlorophenyl)-1pentanone (Entry 9); ethyl p-benzoylbenzoate (Entry 10);
ethyl m-benzoylbenzoate (Entry 11); ethyl
O-benzoylbenzoate (Entry 12), 1-(p-cyanophenyl)-1pentanone (Entry 14); (p-cyanophenyl)phenylmethanone
(Entry 15), 1-(o-cyanophenyl)phenylmethanone (Entry 16);
1-(o-cyanophenyl) pent an one (Entry 17), 1-(pacetylphenyl)-1-pentanone (Entry 18); 1,4-diacetylbenzene
(Entry 22); as well as the following:
1-Oxo-1-phenyloctanenitrile: (Entry 2) mp 41.5-42.0°C.;
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2H), 1.26 (t, J=7.1 Hz,3H), 0.90 (t, J=7.2 Hz,3H); CNMR
8 210.3, 173.1, 60.2, 42.5, 41.4, 33.2, 25.8, 22.2, 18.8, 14.1,
13.7; IR (neat) v. 2958, 1736, 1714, 786 cm.
Ethyl o-(1-oxopentyl)benzoate: (Entry 13) H NMR (200

MHz) & 7.30-7.95 (m, 4H), 4.34 (q, J=7.2 Hz, 2H), 2.81 (t,
J=7.5 Hz, 2H), 1.64–1.75 (m, 2H), 1.31–1.52 (m, 2H), 1.35

(t, J=7.1 Hz, 3H), 0.93 (t, J-7.3 Hz, 3H); 'C NMR & 205.4,

166.5, 143.0, 131.7, 129.6, 129.4, 128.7, 126.0, 61.3, 42.3,

5,964,919
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Method C from ZnCl2, at room temperature. The reaction
mixture was stirred at room temperature for 18 hours
producing a dark Solution of the alkylzinc bromide Species.
A solution prepared by mixing CuCN (0.327g, 3.65 mmol)
and anhydrous LiBr (0.636 g, 7.32 mmol) in THF (10 mL)

43
25.9, 22.1, 13.8, 13.6; IR (neat) v. 2958, 2960, 1718, 1597,

1277, 760 cm. Anal. calcd. for CHOs: C, 71.77; H,

7.74. Found: C, 71.62; H, 7.97.

trans-1-Phenylhept-1-en-3-one: (Entry 19) mp32.0–32.5

C.; H NMR (360 MHz) & 7.35–7.59 (m, 6H), 6.75 (d.
J=16.2 Hz, 1H), 2.66 (t, J=7.5 Hz, 2H), 1.60–1.68 (m, 2H),
1.35–1.45 (m, 2H), 0.94 (t, J-7.3 Hz, 3H); C NMR 8

was added at 0°C. The reaction mixture was stirred at 0° C.

22.4, 13.9; IR (CCL) v 3029, 2960, 1695, 1670, 1612, 1577,
1450 cm.

for 15 minutes, and then cooled to -78 C. Trimethylsilyl
chloride (CH)SiCl (0.719 g, 6.62 mmol) and BF.EtO
(0.800 g, 5.64 mmol) were added neat via a syringe, and the

1,2-Diphenylethanone: (Entry 20) mp 58-59 C.; H
NMR (200 MHz) & 720-8.15 (m, 10H), 427 (s, 2H); 'C

2-cyclohexenone (0.269 g, 2.80 mmol) in THF (10 mL) was

200.6, 142.3, 134.6, 130.3, 128.9, 128.2, 126.3, 40.6, 26.5,

Solution was stirred for 10-15 minutes. A Solution of

added dropwise over a period of 20 minutes to the reaction

NMR & 197.5, 136.6, 134.5, 133.1, 129.4, 129.4, 128.6,

128.6, 126.8, 45.4; IR (CCL) v 3066, 3030, 2958, 1685,
1600, 1274 cm.
1,6-Diphenyl-1,6-hexanedione: (Entry 21) mp

mixture at -78 C. The reaction mixture was stirred at -78
15

103.5–104.5° C.; H NMR & 7.42–8.00 (m, 10H), 2.95-3.08
(m, 4H), 1.80–1.90 (m, 4H); 'C NMR & 2000, 136.9,
1329, 128.5, 128.0, 38.4, 23.9; IR (CCI) v 2937, 1691,
1598, 1581, 1448, 1459, 1267, 958 cm.

"H NMR 8 (200 MHz) 4.13 (q, J=7.2 Hz, 2H), 1.26–2.50 (m,
15H including 2.29 (t, J=7.2 Hz)), 1.26 (t, J=7.2 Hz, 2H);
'C NMR 8211.1, 173.0, 60.0, 47.7, 41.2, 38.5, 35.6, 34.0,
30.8, 24.9, 21.8, 14.0; IR (neat) v 2940, 1740, 1720, 1455,

EXAMPLE 4

Copper-Mediated Conjugate Addition Reactions of
Organozinc Halides to C, B-Unsaturated Ketones

Ethyl 4-bromobutanoate (0.705 g, 3.62 mmol) was added
neat, via Syringe, to the highly reactive Zinc (4.00 mmol),
prepared according to the procedure outlined in Example 1,

C. for 3 hours and slowly warmed to 0°C. After stirring at
O C. for 1-2 hours, the reaction product was isolated and
purified by a similar procedure to that described in Example
3 to give 3-(3-carbethoxypropyl)cyclohexanone (Entry 1 in
Table III, 0.442 g) as an oil in 74% yield (92% GC yield):
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1420, cm; HREI calcd. for CHO m/e 212.1413, found

212.1411.

Table III Summarizes the reactions of organozinc halides
with C.B-unsaturated ketones.
TABLE III

Copper-Mediated Conjugate Addition Reaction of Organozinc Halide with C.B-Unsaturated Ketones
Enone
Cu(I) Additives Products

Entry Organic halide

1.

Br(CH2)CO.Et

A.

O

BF.OEt,

O

Yield
92 (74)

TMSC

(CH2)3COEt

3

Br(CH2)CO.Et

I

A.

TMSC

II

75

Br(CH2)CO.Et

I

B

TMSC

II

76 (55)

O

9 (8)

S

4

Br(CH2)CO.Et

B

I

BF.OEt, III

59 (39)

II

A.

IV

BF.OEt, Cl(CH2)5OH2

TMSC

1O

O

72 (77)

5,964,919
45

46
TABLE III-continued

Copper-Mediated Conjugate Addition Reaction of Organozinc Halide with C.B-Unsaturated Ketones
Enone
Cu(I) Additives Products

Yield

Entry Organic halide
6

in-O)

7

I

A.

BF.OEt,

O

58 (66)

O

68

TMSC

I

A.

BF.OEt,
TMSC

COEt

Reactions were performed in the presence of 0.9 equivalents of the following copper salts: (A): CuCN.2Li Br in THF or (B): lithium
2-thienylcyanocuprate (0.25M solution in THF) purchased from Aldrich Chemical Co.
Added at -78° C. just prior to the addition of the enone.
GC yields (%). Isolated yields are shown in parentheses.

Several variations were attempted using (3-carbeth
oxypropyl)Zinc bromide as a target in order to optimize the

41.6, 29.9, 29.8, 28.4, 26.5, 25.6; IR (neat) v 2930, 2855,

1,4-addition process. The best approach involved forming
the zinc cuprate from the soluble CuCN/LiBr complex. A

180.1514, found mle 180.1515.

92% yield (GC) of 1,4-adduct was obtained (Entry 1 in Table
III). Another approach taken in an effort to optimize the

1715, 1450, 1430 cm. HREI calcd. for CHO m/e
3-(4-Carbethoxyphenyl)cyclohexanone: (Entry 7) 'H
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conjugate addition proceSS was the formation of a cuprate

4H), 1.66–2.26 (m, 4H), 1.39 (t, J=7.2 Hz, 3H); C NMR

species (“R(2-th) Cu(CN)ZnX”) from lithium
2-thienylcyanocuprate (LiCu(CN)2-th) in conjunction with

the organozinc compounds.
Substituting lithium 2-thienylcyanocuprate for the CuCN/
LiBr complex, and omitting boron trifluoride etherate from
the reaction of the organozinc halide Species with

2-cyclohexenone, gave a reasonable yield (76% GC) of the
1,4-adduct (Entry 3 in Table III). The reaction rate,
temperature, and yield were Similar to the reactions employ
ing CuCN/LiBr. A noticeable amount (approximately 9%
GC yield) of the product resulting from the 1,4-addition of
the 2-thienyl group was also observed. This tendency was
even more pronounced when the reaction was carried out in
the presence of boron trifluoride etherate. In this reaction,
1,4-addition of the 2-thienyl group was the major product

& 210.01, 166.2, 149.2, 129.9, 128.9, 126.5, 60.8, 48.3, 44.5,

41.0, 32.3, 25.3, 14.2; IR (KBr) v 3045, 2940, 1710 (br),

40

45

50

Copper-Mediated Reactions of Organozinc Halides
with Allylic Halides

A solution prepared by mixing CUCN (0.495 g, 5.53
mmol, 1 equivalent) and anhydrous LiBr (0.965 g, 11.11
mmol, 2 equivalents) in THF (10 mL) under an argon
atmosphere was precooled to -20° C. and added to
(6-cyanohexyl)Zinc bromide (5.46 mmol, 1 equivalent, in
about 10 mL THF) at -20°C. The solution was then slowly
warmed to 0°C. 1-Chloro-2-butene (0.544 g., 6.01 mmol, 1.1
equivalents) was added neat, via a Syringe. The reaction
mixture was stirred at this temperature for about 30 minutes.
The reaction product was isolated and purified by a similar
procedure to that described in Example 3 to give a 91% yield
of a mixture containing the S2’ and S2 products. The ratio

60

8-Methyldec-9-enenitrile (major product, Entry 2 in Table

11-Chloro-5-methyl-3-undecanone: (Entry 5) H NMR
3H), 0.88 (d, J=6.6 Hz, 3H); C NMR 8 221.5, 49.8, 45.0,

36.7, 36.4, 32.5, 29.2, 28.9, 26.8, 26.7, 19.8, 7.7; IR (neat)
v 2965, 2940, 2860, 1715, 1465, 1415, 720 cm. HREI

calcd. for C.H. CIO m/e 218.1437, found m/e 218.1432;
calcd. for CHCIO m/e 220.1408, found m/e 220.1405.
3-Cyclohexylcyclohexanone: (Entry 6) "H NMR (200
MHz) & 0.84–2.47 (m); C NMR & 212.7, 45.5, 44.6, 42.7,

246.1256, found 246.1255.
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below:

(200 MHz) & 3.53 (t, J=6.7 Hz, 2H), 2.14–2.48 (m, 4H
including 2.40 (q, J=7.2 Hz, 3H)), 1.87-2.12 (m, 1H),
1.66-1.85 (m, 2H), 1.08-1.53 (m, 8H), 1.04 (t, J=7.3 Hz,

1610, 1445, 1420, 850 cm. HREI calcd. for CHsO m/e
EXAMPLE 5

(59% GC yield) along with the usual 1,4-adduct
(approximately 10% GC yield) (Entry 4 in Table III).
Other compounds prepared by the above method are listed

NMR (200 MHz) & 7.96–8.07 (m, 2H), 724–7.37 (m, 2H),
4.37 (q, J=7.1 Hz, 2H), 2.97-3.18 (m, 1H), 2.28–2.68 (m,

determined by H NMR spectroscopy was S2':S2=97:3.
IV): "H NMR (360 MHz) & 5.62–5.72 (m, 1H), 4.87–497

(m, 2H), 2.33 (t, J=7.1 Hz, 2H), 2.07–2.12 (m, 1H),
1.60–1.71 (m, 2H), 1.23–1.35 (brs, 6H), 0.97 (d, J=6.7 Hz,
65

'H); C NMR & 144.5, 119.6, 112.3, 37.6, 36.3, 28.7, 28.5,
966 cm; Anal. calcd. for CHN: C, 79.94; H, 11.59; N,

26.7, 25.2, 20.1, 16.2; IR (neat) v 3014, 2928, 2856, 2246,
8.47. Found C, 79.63; H, 11.81; N, 8.47.

5,964,919
49

SO

144.3, 142.2, 128.3, 127.4, 126.1, 119.7, 113.9, 49.8, 35.2,

28.6, 28.4, 27.1, 25.2, 16.9.; IR (neat) v 3081, 3027, 2930,
2857, 2246, 1636, 1601, 1493, 1452 cm. Anal. calcd. for

TABLE V-continued

Reactions of Organozinc Halides With Y-CH-C=C-CH-Y

CHN: C, 84.53; H, 9.31; N, 6.16. Found: C, 84.27; H,
9.49; N, 6.07.

3,5-Diphenyl-1-pentene: (Entry 10) "H NMR (360 MHz)
& 7.10-7.32 (m, 10H), 5.91–6.00 (m, 1H), 5.00–5.05 (m,
2H), 3.26 (m, 1H), 2.47–2.67 (m, 2H), 1.99–2.06 (m, 2H);
'C NMR & 1441, 142.2, 142.1, 128.5, 128.4,128.3, 127.6,

2RZnBr

+

o

CCNo.2LBr

Y-CH-CEC-CH-Y

THF

-

(Y = Clor TsO)

126.2, 125.7, 114.3, 49.3, 37.0, 33.7.

8,8-Dimethyldec-9-enenitrile: (Entry 12) H NMR (360

MHz) & 5.70–5.78 (m, 1H), 4.85–4.91 (m, 2H), 2.33 (t,
J=7.1 Hz, 2H), 1.60–1.68 (m, 4H), 1.40-1.48 (m, 2H),

R

H2C=C-CF CH2

1.19–1.34 (m, 8H), 0.97 (s, 6H); C NMR & 148.4, 124.6,

119.7, 110.1, 42.5, 29.4, 28.6, 26.6, 25.3, 24.2, 17.0, IR

R

15

(neat) v. 2958, 2931, 2859, 2247, 1639, 1464, 1004, 910

cm. Anal. calcd. for CHN: C, 80.38; H, 11.80; N, 7.81.
Found: C, 80.02; H, 11.98; N, 7.71.
3,3-Dimethyl-5-phenylpent-1-ene: (Entry 13) H NMR
(360 MHz) & 7.13–7.28 (m, 5H), 5.78–5.87 (n, 1H),
4.94-4.99 (m, 2H), 2.48–2.54 (m, 2H), 1.05 (s, 6H); 'C

No.

Y

5

C

R

Yield

87

- CH -O)

NMR & 148.1, 143.3, 128.3, 125.5, 110.7, 44.9, 36.7, 31.2,

26.7; IR (neat) v 3086, 2960,2929, 1641, 1604, 1496, 1454,

6

C

82

7
8

C
C

-CHCH
-CHCH-p-CN

91
93

TSO
TSO

-(CH),CH
-(CH2)COEt

(98)
(82)

910 cm.
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EXAMPLE 6

Preparation of Functionalized 2,3-Disubstituted-1,3-

9
1O

Butadienes

Use of highly functionalized organozinc compounds pro
vides a new and effective route to functionalized 2,3-

disubstituted-1,3-butadienes which are important intermedi
ates in many organic Syntheses. A typical procedure is as

follows: a solution of CuCN.2LiBr (0.035 mol) in THF (15
mL) under argon was transferred to a precooled (-20 C.)
solution of p-NCCHCH-Zn Br (0.035 mol) in THF (30
mL). The solution was stirred for 15 minutes, then warmed
to 0°C. 1,4-Dichloro-2-butyne (0.015 mol) was then added
neat by Syringe. The solution was stirred for 30 minutes at
O C. and then at room temperature for 1 hour. The mixture
was poured into a saturated NHCl solution (20 mL) and
extracted with diethyl ether (3x20 mL). The combined
organic layers were dried over MgSO and purified by
column chromatography. 2,3-Di(p-cyanobenzyl)-1,3butadiene (entry 8 in Table V) was obtained in 93% yield.
Table V Summarizes the reaction of organozinc halides to
produce various 2,3-disubstituted-1,3-butadienes.

o

40

No.

Y

R

1.
2
3
4

C
C
C
C

-(CH),CH
-(CH2)Cl
-(CH2)COEt
-(CH2)CN

45

50

R
60

Yield

95
92
95
84

13
14

TSO
TSO

-CH-p-COMe
-CH-p-CN

93
97

were identified by IR, NMR ("Hand "C) and elemental analysis.

Copper-Mediated Reactions of Organozinc Halides
with 2,3-Dibromopropene

2-Bromo-1-alkene compounds (R-CH-C(Br)=CH-)
reagents with 2,3-dibromopropene (HC=C(Br)-CH-Br)

55

HCFC-C=CH

88

(95)

are readily prepared by the cross-coupling of organozinc

2RZnB + Y-CH-C=C-CH-Y -sia, -

R

-CHs

-CHCH

EXAMPLE 7

CCNo.2LBr

(Y = Clor TsO)

TSO

TSO

Isolated Yield (%) GC yields are shown in parenthesis. All new compounds

35

TABLE V

Reactions of Organozinc Halides With Y-CH-C=C-CH-Y

11

12

mediated with CuCN.2LiBr. The presence of the copper salt
improves the reaction rates and yields of these coupling
reactions. In the presence of CuCN.2LiBr, the reactions are
complete in about 15 minutes and the yields are excellent.

4-Bromobutylnitrile (1 equivalent, 35 mmol) was added neat
directly to the highly reactive Zinc prepared from ZnCl
according to Method C in Example 1 in THF (1.3
equivalents, 45 mmol) via Syringe at room temperature. The

mixture was stirred at reflux for 2 hour. Essentially all the
4-bromobutylnitrile was consumed, as indicated by gas
chromatographic analysis. The exceSS Zinc was allowed to
Settle out of the organozinc Solution. After about 2–5 hours,
the top dark brownish organozinc Solution was slowly

transferred via cannula to a CuCN.2LiBr/THF solution (3.5
mmol CUCN and 7.0 mmol LiBr in 20 mL THF) precooled
to -30° C. After stirring for about 10 minutes, 2,3dibromopropene (0.9 equivalents, 31.5 mmol) was added

neat via Syringe and Stirred at this temperature for about 10
minutes, then at room temperature for another 30 minutes.
After product isolation and purification, colorleSS liquid

2-bromohept-1-enenitrile (Entry 7 in Table VI) was recov

65

ered in 94% yield. "H NMR 1.68–1.74 (m, 4H), 2.35-2.51
(m, 4H), 5.44 (d, J=1.7 Hz, 1H), 5.61 (t, J=0.9 Hz, 1H); 'C
NMR 16.80, 23.92, 26.62, 40.22, 117.24, 119.25, 133.06; IR
(neat) v 2247, 1735, 1630 cm.

5,964,919
S1

52
The experimental results of Table VII demonstrate that
Vinyl organozinc reagents can be prepared by the oxidative
addition of vinylbromides to the highly reactive zinc of the
present invention. Using Zerovalent Zinc prepared from Zinc
halides, refluxing conditions are typically used to drive most
of these reactions to completion. The coupling reactions of
vinylzincbromides with acid chlorides, alkyl chloroformate,
and carbamyl chlorides are listed in Table VII.

Table VI Summarizes this type of reaction.
TABLE VI

Preparation of 2-Bromo-1-Alkenes

RX + Zn

Fine
Temp.
1O

TABLE VII
Br

Rznx

Preparation of C-Substituted C, B-Unsaturated Ketones, Esters and Amides

EP

CCNo.2LBr

15

HC

E

He-

C-C-R"

pop, - H.C=C-C

Zn3r
Br

No. R

R-CH-C=CH
No. RX

Temp
( C.)

RX:Zn

Time
(hours)

Yield

1

Ph

1:1.13

23

2

81

2
3
4
5
6
7
8

p-BrCHCN
p-BrCHCOCH
p-ICHCOEt
p-BrCHCI
Br(CH2)CO.Et
Br(CH2)CN
Br(CH2)Cl

1:2.5
1:2.0
1:1.5
1:1.7
1:1.2
1:1.5
1:1.2

Reflux
Reflux
Reflux
Reflux
23
Reflux
23

1.
1.
O.3
1.5
2
0.5
2

85
81
90
82
96
94
88

25

halides:Zn

R"

Yield

1 -CHs
2 p-CHCHCN

1:1.2
1:25

-CHs
-CHs

90
81

3 p-CHCHCl

1:2.2

-(CH), Me

8O

4 p-CH-CHCOEt

1:2O

-CHs

86

5
6
7
8
9

1:2O
1:1.2
1:2.0
1:1.3
1:2O

-(CH), Me
-N(CH),
-CH
-CHs
-OCH

88
8O
92
82
78

1:1.2

-OCH(CH),

81

p-CH-CHCOEt
-CHs
-(CH2)CN
-(CH),Cl
-(CH2)CN

10 -(CH2)COEt
Molar ratio.

Isolated yields (%). Compounds were fully characterized by "H and 'C
NMR, FT-IR, and elemental analysis or HREI.

Molar ratio.

Isolated yield (%). Compounds were fully characterized by "H and "C
NMR, FTIR, and Elemental analysis or HREI.
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EXAMPLE 8

Palladium-Mediated Preparation of Functionalized
C-Substituted C, B-Unsaturated Ketones, Esters and
Amides

The preparation of 1- o Xo-1-phenyl-2methyleneheptanenitrile is representative of the preparations
of C-Substituted C.f3-unsaturated ketones, esters, amides,

and Sulfones. 2-Bromohept-1-enenitrile (1 equivalent, 3.3
mmol) prepared as in Example 7 was added neat via Syringe

EXAMPLE 9

40

45

to highly reactive Zinc prepared from ZnCl2 according to

Method C in Example 1 (1.5 equivalent, 5.0 mmol in about
20 mL THF) and stirred at reflux for 1 hour. Gas chroma

tography indicated that all the 2-bromohept-1-enenitrile was
consumed. The exceSS Zinc was allowed to Settle. The top
organozinc Solution was transferred via cannula to another

50

flask and benzoyl chloride (0.9 equivalents, 3.0 mmol) was
added neat. The mixture was cooled to 0° C. and transferred

55

via cannula to a precooled Pd(PPh) (0.2 mmol in 10 mL
THF). The solution was stirred at this temperature for 30
minutes. After the Same isolation and purification procedure
as described in Example 3, a 92% of 1-oxo-1-phenyl-2methyleneheptanenitrile was recovered as a colorleSS liquid

(Entry 7 in Table VII). H NMR 1.65–1.72 (m, 4H),
2.34–2.54 (m, 4H), 5.65 (s, 1H), 5.88 (d, J=6.7 Hz, 1H),
740–7.75 (m, 5H); C NMR 16.73, 24.84, 27.12, 31.08,
119.40, 126.08, 128.05, 129.25, 132.10, 137.43, 146.92,
197.76; IR (neat) v 2247, 1657 cm. Anal. calcd for
CHNO; C, 78.84; H, 7.10; N, 6.57. Found: C, 78.86; H,

7.06; N, 6.60.

Palladium-Mediated Coupling Reactions of
Organozinc Halides with Aryl and Vinyl Halides

4-Carbethoxyphenylzinc iodide (2.16 mmol, in about 10
mL THF) was transferred via a cannula to a THF solution of
5 mole-% Pd(PPh) (0.127 g., 0.11 mmol) and
4-bromobenzonitrile (0.400g, 2.19 mmol) at room tempera
ture under an argon atmosphere. The Solution was then
stirred for 3 hours. The reaction product was isolated by a
procedure similar to that described in Example 3. Ethyl

4-(4-cyanophenyl)benzoate (Entry 4 in Table VIII, 0.433 g,
1.73 mmol) in 80% yield was obtained as a crystalline solid:

mp 114-115° C.; H NMR (360 MHz) & 7.60–8.21 (m, 8H),
4.42(q, J=7.1 Hz, 2H), 1.42 (t, J=7.1 Hz, 3H); C NMR 8
165.9, 1442, 143.1, 132.5, 130.4, 130.1, 127.7, 127.0,

118.5, 111.6, 61.0, 14.2; IR (CCI) v. 2981, 2231, 1722,
60

1608, 1276, 1109 cm. HREI calcd. for CHNO m/e

251.0947, found 251.0949. Anal. calcd. for CHNO: C,
76.48; H, 5.21; N, 5.57, Found: C, 76.25; H, 5.17; N, 5.31.
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Table VIII Summarizes the coupling reactions of various
organozinc reagents with aryl and Vinyl halides.

5,964,919
S6

SS
TABLE VIII-continued

Coupling Reactions of RZnX with Aryl, Vinyl Halides Catalyzed by Pd(PPh3)
RZX-RY

No.

-

THF

He

RZX

Product

RY

1O
11

Zn3r

Yield

85 (91)

R"

\

Br

86

O
CH

12

95
93

Zn3r

COEt

y- o
COEt

"Isolated yields (%). GC yields are shown in parentheses.

The highly functionalized organozinc compounds, pre
pared from the highly reactive Zinc of the present invention,
were found to cross-couple readily with aryl and Vinyl

halides when catalyzed by tetrakis (triphenylphosphine)palladium (Pd(PPh)). The reaction proceeded in excellent

40

Anal. calcd. for CHNO: C, 60.75; H, 6.37; N, 5.90.

yields, producing highly functionalized symmetrical and.
unsymmetrical biaryls, and Symmetrical and unsymmetrical

butadienes (See Table VIII above). The following com
pounds were prepared by the above method: 4,4'dicarbethoxybiphenyl (Entry 5); 4,4'-dicyanobiphenyl
(Entry 7); 2-phenyl-1,3-butadiene (Entry 10); 2-methyl-3phenyl-1,3-butadiene (Entry 11); and the following:

Found: C, 60.63; H, 6.42; N, 5.70.

Ethyl 3-(4-cyanophenyl)benzoate: (Entry 6) mp

45

50

139.3, 132.6, 1314, 131.3, 129.6, 129.1, 128.2, 127.7,

CHNO m/e 251.0947, found 251.0949. Anal. calcd. for
CHNO: C, 76.48; H, 5.21; N, 5.57. Found: C, 76.68; H,

5.36; N, 5.42.

Ethyl 3-(2-cyanophenyl)benzoate: (Entry 9) mp

1.91-2.02 (m, 2H), 1.25 (t, J=7.1 Hz, 3H); C NMR 8

81.5-82.0° C.; H NMR (200 MHz) & 740–8.25 (m, 8H),
4.41 (q, J=7.1 Hz, 2H), 1.41 (t, J=7.1 Hz, 3H); C NMR 8

1976, 173.1, 147.2, 135.2, 128.6, 128.5, 60.3, 35.0, 33.5,

26.4, 26.1, 14.2; IR (neat) v. 2979, 2937, 1732, 1684, 1606,

845, 815 cm. HREI calcd. for CHsO m/e 234.1256,

91.5–92.0° C.; H NMR & 7.52–8.34 (m,8H), 4.46 (q, J=7.2
Hz, 2H), 1.43 (t, J=7.1 Hz, 3H); 'C NMR & 166.1, 144.5,

118.7, 1114, 61.2, 14.3; IR (CCI) v 3020, 2981, 2400,
2231, 1716, 1608, 1309, 1247, cm. HREI calcd. for

Ethyl 4-(4-acetylphenyl)butanoate: (Entry 1) H NMR

(360 MHz) & 7.30-7.91 (m, 4H), 4.13 (q, J=7.1 Hz, 2H),
2.71 (t, J=7.6 Hz, 2H), 2.58 (s, 3H), 2.32 (t, J=7.40 Hz, 3H),

2.77 (t, J=7.7 Hz, 2H), 2.35 (t, J-7.3 Hz, 2H), 1.90–2.04 (m,
2H), 1.26 (t, J=7.1 Hz,3H); C NMR & 172.7, 1492, 146.2,
129.1, 123.4, 60.1, 34.7, 33.1, 25.8, 14.0; IR (neat) v 2981,
2938, 1732, 1604, 1598, 1520, 1346, 850, 746, 698 cm.
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found 234.1257. Anal. calcd. for CHOs: C, 71.77; H,

166.0, 1444, 138.3, 133.7, 132.9, 132.9, 1311, 130.0,
129.8, 129.7, 128.7, 127.9, 118.3, 111.3, 61.2, 14.3, IR

7.74. Found: C, 71.21; H, 7.62.

(CC1) v 3020, 2983, 2401, 2227, 1716, 1475, 1444, 1427,
1369, 1311, 1277, 1240, 930 cm. Anal. calcd. for

(360 MHz) & 7.31-7.62 (m, 4H), 4.13 (q, J=7.1 Hz, 2H),
2.73 (t, J=7.7 Hz, 2H), 2.33 (t, J=7.3 Hz, 2H), 1.92–2.01 (m,

5.18; N, 5.26.

Ethyl 4-(4-cyanophenyl)butanoate: (Entry 2) H NMR

CHNO: C, 76.48; H, 5.21; N, 5.57. Found: C, 76.42; H,

60

2H), 1.26 (t, J=7.2 Hz, 3H); 'C NMR & 172.7, 146.9, 1319,
129.0, 118.7, 109.6, 60.1, 34.8, 33.1, 25.7, 13.9; IR (neat) v
2979, 2937, 2227, 1732, 1606, 844, 817 cm. Anal. calcd.

3H); C NMR & 167.5, 138.6, 137.4, 132.2, 1318, 1312,

for CHON: C, 71.86; H, 6.96; N, 6.45. Found: C, 71.25;
H, 7.05; N, 6.30.

Ethyl 4-(4-nitrophenyl)butanoate: (Entry 3) H NMR

(360 MHz) & 7.34-8.16 (m, 4H), 4.14 (q, J=7.2 Hz, 2H),

Ethyl 2-(1,3-butadienyl)benzoate: (Entry 12) H NMR

(200 MHz) & 725–7.90 (m, 5H), 6.47–6.78 (m, 2H),
5.18–5.40 (m, 2H), 4.37 (q, J=7.1 Hz, 2H), 1.40 (t, J=7.1 Hz,
130.4, 129.0, 127.1, 126.7, 118.3, 61.0, 14.3; IR (neat)
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v°2979, 1716, 1598, 1477, 1446,1128, 1074, 1004, 754,708

cm. HREI calcd. for CHO m/e 202.0994, found

O2.0992.

5,964,919
58

57
Ethyl 2-(3-Methyl-1,3-butadienyl)benzoate: (Entry 13)

then cooled to room temperature, and 10 mL 3M HCl
The mixture was poured into 50 mL MeOH, the deep-red
precipitate was washed with several portions of MeOH and
3M HCl, and dried under vacuum for 24 hours at 80° C. The
polymer yield was 0.3794 g (98.6%). The polymer exhibited
the correct IR, UV, and carbon-hydrogen-Sulfur analysis
data. The regiochemistry of this polymer is random.

H NMR (200 MHz) & 7.26–7.92 (m, 4H), 6.77 (d, J=16.0
HZ, 1H), 5.10–5.13 (m, 2H), 4.38 (q, J=7.1 Hz, 2H), 2.01 (s,
3H), 1.41 (t, J-70 Hz, 3H); C NMR & 1676, 1424,139.0,

Solution was added. The mixture was stirred for 20 minutes.

134.2, 1319, 130.6, 128.9, 127.5, 126.9, 126.8, 117.8, 61.0,

18.7, 14.3; IR (neat) v 3081, 1716, 1602, 1479, 1450, 1290,

1269, 1242,964, 754,710 cm. HREI calcd. for CHO

m/e 216.1151, found 216.1150.

EXAMPLE 10

CH

Preparation of Polymers from Highly Reactive Zinc

Synthesis of Poly-(2,5-thiophene): 2,5-dibromo
thiophene (0.9782 g, 4.0432 mmol) in 10 mL dry THF was
transferred via cannula to highly reactive zinc (4.6391
mmol, prepared according to Example 1, Method C, from
ZnCl2) in 20 mL dry THF under argon. The reaction mixture

Zn + Br

Br ->
S

CH

15

Br - Zn

was stirred for 2 hours at room temperature to yield
2-bromo-5-bromozinc-thiophene quantitatively. Then,

/

\

Br

80:2O

Pd(PPh) (0.01 g, 0.008 mmol) in 5 mL THF was trans

ferred via cannula to the reaction mixture. The polymeriza
tion occurred at room temperature and was finished at
refluxing THF temperatures for 2 hours. The reaction mix
ture was cooled, worked up with HCl as above, filtered,
washed with MeOH and dilute acid, and dried under vacuum
for 24 hours at 80° C. to yield poly-2,5-thiophene in 100%

yield (0.3298 g). The polymer exhibited the correct IR and

CH

Br

in 20 mL dry THF under argon. The mixture was stirred for
2 hours at room temperature to yield 3-methyl-2-bromo-5bromozinc-thiophene and 3-methyl-2-bromozinc-5-bromo
thiophene in a ratio of 80:20, with a total yield of 100%. The
organozinc intermediate was verified by GC analysis using

35
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minutes. The mixture was further stirred for 2 hours at THF

(159.48 g, 1.17 mol) in the argon drybox. The ZnCl was
dissolved in 1.3 L of THF. The Li/biphenyl flask was cooled
to 0° C. prior to the dropwise transferral of the ZnCl

Solution via a cannula. Transfer was complete after 3.5
hours. The Zerovalent Zinc of the present invention was
prepared at room temperature according to Method C in

45

Example 1 (the lithium was totally consumed in about 1
hour). 2,5-Dibromo-3-phenylthiophene (369.51 g, 1.16 mol)
was added to a 500-mL flask equipped with a stir bar. The
flask was evacuated and refilled with argon prior to the

addition of THF (0.2 L). This THF solution of thiophene was

50
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delivered dropwise to the highly reactive Zerovalent Zinc
Solution at room temperature via a cannula. For optimal
results, if the organozinc formation generated too much heat
as indicated by a hot reaction flask, addition of the 2.5dibromo-3-phenylthiophene was temporarily discontinued
rather than cooling the reaction flaskin an ice bath. Addition
of the 2,5-dibromo-3-phenylthiophene continued once the

flask cooled. After 6 hours, Pd(PPh) (2.50g, 2.16 mmol)
was added to a 100-mL flask in a nitrogen drybox. THF (75
mL) was then injected into the flask and the contents were
60

The catalyst Pd(PPh) (0.01 g, 0.008 mmol) in 5 mL dry

refluxing temperature (67 C.). The reaction mixture was

round-bottomed flask equipped with a TeflonTM stir bar and
condenser. Once brought to a dual manifold argon/vacuum
an argon atmosphere. Likewise, a 2-L round-bottomed flask,
equipped with a Teflon Stir bar, was charged with ZnCl2

THF was then transferred via cannula into the reaction

mixture. A Smooth polymerization happened even at room
temperature and a red-brown precipitate appeared in 10

CH

line, tetrahydrofuran (THF, 1L) was added to the flask under

octane as the internal standard with the result of 80:20

regioSelectivity. The product was compared with authentic
2-bromo-3-methylthiophene.

Pd(PPh3)4 -

- I

Synthesis of Regiorandom Poly(phenylthiophene): In an
argon drybox, lithium ribbon (16.55 g, 2.38 mol) and
biphenyl (35.97 g., 0.23 mol) were charged into a 3-L

After refluxing for 2 hours at 67° C., the polymer (poly
para-phenylene) was isolated in the same manner as for the
other polymers. The yield was 0.3175 g (100%). The polyer

Synthesis of Poly-(3-methyl-2,5-thiophene): 3-methyl-2,
5-dibromothiophene (1.0263 g, 4.0095 mmol) in 10 mL dry,
freshly distilled THF was transferred via cannula into a flask
containing highly reactive Zinc (4.6103 mmol, prepared
according to Example 1, Method C, from ZnCl) which was

Br

S

titatively (96%). Then, Pd(PPh) (0.01 g, 0.008 mmol) in 5

exhibited the correct IR and UV data. The polymer only lost
7% weight after extraction with hot chloroform over a
period of 24 hours (normallys-20% is soluble in chloroform).
Thus, the polymers of the present invention have a higher
molecular weight and/or a more regular Structure than
conventionally prepared poly-paraphenylene.

Zn

25

dry THF under argon. The mixture was stirred for 3 hours at
room temperature to yield 1-iodo-4-iodozincbenzene quan

mL dry THF was transferred via cannula to the reaction
mixture. The polymerization occurred at room temperature.

| \
S

UV data. The polymer only lost 7% weight after extraction
with hot chloroform over a period of 24 hours
(normallys 15-20% is soluble in chloroform). Thus, the
polymers of the present invention have a higher molecular
weight and/or a more regular structure than conventionally
prepared poly-2,5-thiophene.
Synthesis of Poly-para-phenylene: 1,4-diiodobenzene

(1.2977g, 3.9332 mmol) in 10 mL dry THF was transferred
via cannula to highly reactive Zinc (4.1708 mmol, prepared
according to Example 1, Method C, from ZnCl) in 20 mL

--

S
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transferred to the organozinc Solution via a cannula under an
argon atmosphere. The reaction mixture was gently refluxed
for 8 hours. THF was collected with a simple distillation
until approximately half the reaction Volume remained. The
reaction was quenched with a saturated Solution of NHCl

(100 mL). The organic layer was extracted in a 2-L sepa
ratory funnel with a 50:50 mixture of water and NHCl(sat)
(0.5 L) and brine (0.5 L). The majority of the polymer
remained in the reaction vessel and was not extracted. The

5,964,919
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60
totally regiorandom Structure in the polymer chain (1:1,
HT:HH linkage) was obtained despite the 9:1 mixture of

extracted organic layer was reduced in Volume and the
contents were combined with the polymer in the original

regioisomers in the monomer. When the same dibro
moZincthiophene intermediate mixture was polymerized by

reaction vessel. In a fume hood, 1.5 liters of a 2:1 (v/v)
mixture of MeOH and HCl (1 M) was added to the polymer

catalysis with Ni(dppe)C1 (0.3 mole %) under the same
conditions, a completely regioregular HT-PHT (5) was

containing flask and the contents were mechanically Stirred
for 1 hour. The polymer was collected on a Buchner funnel
with vacuum filtration and the polymer was further rinsed
with 2 portions of the MeOH/HCl mixture (2x1.5 L). The
polymer is a brick-red, low density, Sponge-like material and

obtained, also in quantitative yield. This is the first
3-alkylpolythiophene ever prepared which is >99% regio
regular.

hexyl
Brzin

W \

hexyl

Br

S

Pd(PPh3)4
(cat.)

f f\
S

1:1,

HT:HH (or TT)

"

100% regiorandom

n

>99% regioregular

4

hexwl
exy

hexyl

/ \
Br

S

Zn3r

1O Ni(dppe)Cl2
(cat.)

f\

f

S
5

>99.0% HT

25

The H and 'C NMR spectra of PHT provide sensitive

was dried under vacuum (approximately 0.5 torr) at room

temperature until dryneSS. Final weight of the polymer was
203.60 grams. The polymer exhibited the correct IR and UV.

probes of the Substitution pattern in the polymer backbone.
In a mixture of the four possible triad regioisomerS all of the

data. It also had the correct NMR, both H and "C. The

vinyl carbon atoms (16 total; each carbon on a thiophene

regiochemistry of this polymer is 100% random.

ring can be split to 4 peaks due to the 4 different
regioStructures, the 16 patterns for 4 carbons on a thiophene

Synthesis of Regioregular Head-to-Tail Poly(3Hexylthiophene-2,5-diyl) and a Regiorandom Isopolymer:

ring and 4 peaks for each) and all the vinyl protons (4 total;
the only proton on a thiophene ring can be split to 4 peaks

The Zerovalent highly reactive Zinc Species of the present

invention (4.4 mmoles) was combined with 2,5-dibromo-3hexylthiophene (4.0 mmoles). The mixture was stirred for 1
hour at room temperature in THF under argon. The dark
brown THF solution of organozinc thiophene was separated
from the exceSS Zinc by cannula. This reaction gave a
quantitative yield of mono-organozinc thiophene with 90%

35

Structures depicted below.

40

regioselectivity (9:1, 5-bromozinc-2-bromo-3-hexylthio
phene (2):2-bromozinc-5-bromo-3-hexylthiophene (3)).
hexyl
Br

/ \

Br + Zin

S

due to the 4 regiostructures) can be resolved. The observed
spectra were consistent with a totally random (1:1:1:1,
HT-HTHT-HH:TT-HT:TT-HH) mixture of the four triad
H

R

H

R

W \ -S-N / \
1 \ / Ns
45

THF, Ar -

H

R
HT-HT

rt, 1 hr

(Head-Tail and Head-Tail)

1.

hexyl

Brzin

W \

Br - Br

hexyl

/ \

50

W \ -SS / \
1 \ / Ns

Zn3r

R

55

(90:10)

HT-HH

(Head-Tail and Head-Head)

To this mixture of dibromozincthiophene was added

Pd(PPh) (0.008 mmole, 0.2 mole-%). The mixture was

60

refluxed for 4 hours at 67° C. The resultant mixture was

poured into a solution of 100 mL MeoH and 50 mL HCL (2
N). The polymer was collected by filtration and washed with
several portions of MeOH and 2 NHCl. It was then dried at
80 C. for 24 hours. Recrystallization of the polymer from
CHCl upon the addition of MeOH resulted in a quantitative

yield of poly-(3-hexylthiophene-2,5-diyl) (PHT) (4) with a

W \ -S-N / \
1 \ / Ns
R

65

TT-HT

(Tail-Tail and Head-Tail)

5,964,919
61
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Both polymerS have the same elemental composition:

-continued
R

R

(C3).

/ \ -SS / \
1 \ / Ns
R

Calculated for CHS, C: 72.22, H: 8.49, S: 19.29. Found

TT-HH

for regiorandom polymer (4), C: 71.50, H: 8.28, S: 19.77; for
regioregular polymer (5), C: 71.91, H: 8.36, S: 18.67.

(Tail-Tail and Head-Head)

TABLE IX
15

Chemical Shift (ppm
hexyl

5

| \

2n

S

HTHT
HTHEH
TTHT
TTHEH

C3

C4

C2

C5

H4

139.9
140.3
142.8
143.4

133.7
134.7
135.7
136.8

130.5
129.7
128.3
127.2

128.6
127.3
126.6
125.1

6.98
7.OO
7.O2
7.05

25

The physical properties for the two polymers are quite
different. The solubility of random PHT in chloroform is at
least three times greater than that of regioregular HT-PHT
because the random Structure destroys the crystallinity of the
polymer chain. When recrystallized from the methanol, the
regioregular HT-PHT is a purple solid, while the random
PHT is a red-brown solid. After isolation and purification,
HT-PHT consists of dark purple crystals with a metallic
luster, and the random PHT is a dark brown sticky solid.
More interestingly, a film of the regular HT-PHT is gold
yellow in color, again with a metallic luster; the random
polymer only forms a red-brown transparent film.
The foregoing discussion and examples are illustrative of
the invention. However, since many embodiments of the
invention can be made without departing from the Spirit and
Scope of the invention, the invention resides wholly in the
claims hereinafter appended.
I claim:

1. A method of Storing an active Zerovalent Zinc metal
consisting of:
In contrast, only one Sharp band for the vinyl proton,

(a) Suspending in a container the active Zinc in an ethereal,
hydrocarbon, aromatic hydrocarbon or aportic polar
Solvent ata temperature of between -20° C. to 30° C.

which belongs to the HT-HT structure (Ö 6.98 ppm), and four
Sharp bands for the vinyl carbon atoms (one band for each
carbon), which also belong to the HT-HT structure (C;
8139.9, C: & 133.7, C: & 130.5, C: & 128.6 ppm), are

observed in the H and 'C NMR spectra of 5. The resolu

tion and signal/noise ratio characterize (5) as pure HT-PHT
(>99.0%).
Two doublet peaks, one centered at 7.15 ppm (J-5.1 Hz)
and another one centered at 6.93 ppm (J-5.1 Hz), and one
Single peak at 6.91 ppm, are assigned as the terminal ring
protons Ha, Hb, and He of poly-(3-hexylthiophenes).
R

Hb

H

I y II,

Substantial loss of activity.
2. The method of claim 1 wherein the ethereal Solvent is

40

Selected from the group consisting of tetrahydrofuran,
diethyl ether, dioxane, dimethoxyethane, 2-methoxyethyl
ether, triethylene glycol dimethyl ether, 2-methyl
tetrahydrofuran, diethylene glycol dibutyl ether and
dimethoxymethane.
3. The method of claim 1 wherein the solvent is tetrahy
drofuran.

45
Hc

S

IR analysis of both polymers (4) and (5) are clearly

consistent with a 3-hexyl-2,5-thienylene repeating unit in a
polymer chain. AS listed in Table X, the Spectra are almost
identical with slight shifts in the band positions due to the
differences in regiostructure. It is important to note that there

is no C-Br absorption at 980 cm observed in either

50

4. The method of claim 1 wherein the aromatic hydro
carbon Solvent is Selected from the group consisting of
benzene, tolulene, O-Xylene, m-Xylene, and p-Xylene.
5. The method of claim 1 wherein the aprotic polar solvent
is Selected from the group consisting of dimethylformamide,
acetonitrile, propionitrile and hexamethylphosphoric tria
mide.
6. The method of claim 1 wherein the ratio of metal to

solvent is about 0.1 g to 50 g of metal per 100 ml solvent.

7. The method of claim 1 wherein the ratio of metal to

solvent is about 5 grams of metal per 100 ml solvent.
55

8. The method of claim 1 wherein the metal or metal

containing compound in solvent is stored at about 0 to -20
C.

polymer.

9. The method of claim 1 wherein the metal or metal

containing compound in Solvent is Stored at room tempera

TABLE X

ture.

IR Vibrational Bands of (4) and (5) (cm'

Polymer 4
Polymer 5

wherein the active Zinc is stored for six months without

35
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| \

and

S

under an inert atmosphere; and

(b) Sealing the container;

Ö(C-H)
Out-of-plane

C-H
Stretching

Ring
Stretching

827
82O

3053
3055

1464, 1514
1454, 1510

60

10. The method of claim wherein the inert atmosphere
comprises argon.
11. The method of claim 1 wherein the inert atmosphere
comprises nitrogen.

65

aromatic hydrocarbon or aprotic polar Solvent.

12. The method of claim 1 wherein the solvent is an
k

k

k

k

k
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